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A Mueller-Miiller CDR with False-Lock-Aware Locking Scheme for
a 56-Gb/s ADC-Based PAM4 Transceiver
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SUMMARY  Although baud-rate clock and data recovery (CDR) such
as Mueller-Miiller (MM) CDR is adopted to ADC-based receivers (RXs),
it suffers from false-lock points when the RXs handle PAM4 data pattern
because of the absence of edge data. In this paper, a false-lock-aware lock-
ing scheme is proposed to address this issue. After the false-lock-aware
locking scheme, a clock phase is adjusted to achieve maximum eye height
by using a post-1-tap parameter for an FFE in the CDR loop. The proposed
techniques are implemented in a 56-Gb/s PAM4 transceiver. A PLL uses
an area-efficient “glasses-shaped” inductor. The RX comprises an AFE, a
28-GS/s 7-bit time-interleaved SAR ADC, and a DSP with a 31-tap FFE
and a 1-tap DFE. A TX is based on a 7-bit DAC with a 4-tap FFE. The
transceiver is fabricated in 16-nm CMOS FinFET technology, and achieves
a BER of less than le-7 with a 30-dB loss channel. The measurement re-
sults show that the MM CDR escapes from false-lock points, and converges
to near the optimum point for large eye height.
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1. Introduction

Due to increasing data bandwidth demand, the PAM4 sig-
naling has been used instead of the NRZ signaling for re-
laxing the impact of the insertion loss (IL) because required
Nyquist frequency of the PAM4 signaling is half compared
with that of the NRZ signaling at the same data band-
width. Furthermore, ADC-based receivers (RXs) [1]-[11]
have been adopted instead of analog-based RXs [12]-[15]
to handle high-speed multi-level signaling beyond 50 Gb/s
in relatively long-distance channels such as middle reach
(MR) and long reach (LR), which enables utilizing digital
equalization using a DSP after an ADC. Typical ADC-based
RXs use baud-rate clock and data recovery (CDR) such as
Mueller-Miiller (MM) CDR [16], which does not need edge
data.

However, the absence of edge data makes it difficult for
the CDR to converge to the optimal lock point. In particu-
lar, NRZ-like transitions within the PAM4 data pattern intro-
duce false-lock points near their edges, leading to a higher
BER compared with that at correct lock point. However, to
the best of our knowledge, there is no proposal to escape
from the false-lock points generated by the PAM4 data pat-
tern.

Another issue is how to adjust the clock phase to the
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optimum lock point for achieving large eye heights. Al-
though several techniques are proposed to adjust the clock
phase [17], [18], the pre-1 cursor is not equalized because
[17], [18] are proposed for analog-based RX which gener-
ally utilizes only a decision feedback equalizer (DFE), re-
sulting in smaller eye height for the CDR compared with
that the pre-1 cursor is equalized. Moreover, although [3]
utilizing ADC-based RX mentions the clock phase adjust-
ment, its detail is not given.

In this paper, we propose techniques to address these
issues [19]. False-lock-aware locking scheme allows the
MM CDR to find the correct lock point. Clock phase
adjustment by controlling the post-1-tap parameter adjusts
the clock phase to the point which achieves maximum eye
height for data decision while both the pre-1 cursor and the
post-1 cursor can be made zero for the CDR. This paper
is organized as follows. Section 2 proposes the techniques
for the MM CDR. Section 3 describes a transceiver archi-
tecture. Section 4 shows the experimental results. Finally,
conclusion is presented in Sect. 5.

2. Proposed Techniques for the MM CDR

Proposed techniques for the MM CDR consist of two parts.
The first one is a false-lock-aware locking scheme for es-
caping from the false-lock points. The second one is a clock
phase adjustment using a post-1-tap parameter for a feed
forward equalizer (FFE) in the CDR loop (CDR FFE) to
achieve maximum eye height for data decision. These two
techniques are described in the following subsections in de-
tail.

2.1 False-Lock-Aware Locking Scheme

Figure 1 shows the simplified block diagram of the CDR
loop. The output signal from an ADC is equalized in the
CDR FFE and its outputs are sent to a FFE for data deci-
sion (DATA FFE) and the comparator for clock phase con-
trol, where cdr_tap is the tap parameter for the CDR FFE.
The output to the DATA FFE does not include the result of
the post-1-tap FFE because a post-1-tap DFE for data de-
cision (DATA DFE) is performed after the DATA FFE. In
the comparator, the output of the CDR FFE for the CDR
(FFE_OUT(t)) and the reference value for the comparator
in the CDR loop (REFC) are compared, and converted data
values D(t) and errors E(t) are sent to a MM phase detec-
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Fig.1  Simplified block diagram of the CDR loop (©2022 IEEE [19]).
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Fig.2  Simulation results of (a) MM PD output, (b) eye diagram, (c) his-
togram at the correct lock point, and (d) histogram at the false-lock point
(©2022 IEEE [19]).

tor (MM PD). The output of the MM PD (PD_OUT) is sent
to a loop filter (LF), and the clock phase is controlled via a
phase interpolator (PI). A clock generator (CK_GEN) gen-
erates several clocks for the RX from the PI clock signals.
Figure 2 shows simulation results of a relation between
the clock phase and the MM PD output with the PAM4 sig-
naling, the eye diagram after the CDR FFE, and the his-
tograms at correct/false lock points. As shown in Figs. 2(a)
and (b), there is a correct lock point at around the center
of the eye, at which the acquired data (blue plots) have the
expected quad-modal distribution as shown in Fig. 2(c). On
the other hand, there are two false-lock points near the data
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Fig.3  Concept of offset-based technique for escaping from the false-
lock point.

edges, although the acquired data at these points do not have
a quad-modal distribution as shown in Fig. 2(d).

To investigate why these false-lock points exist, only
the transitions between 0 and 3 (orange lines) are extracted
from the PAM4 data pattern, as shown in Fig. 2(b). When
only the extracted transitions are considered, there are two
phase points near the data edges where the acquired data
have a quad-modal distribution as shown in Fig. 2(d), so the
comparator misjudges these points as PAM4 data. This in-
curs incorrect lock points near the data edges, and the CDR
might converge to a false-lock point.

In order to avoid the false-lock points, two approaches
are considered in this paper. The first one is adding an offset
value to PD_OUT, which is inspired by [18], and the second
one is using the comparator in a NRZ mode. Concept of
the first approach is shown in Fig.3. Modified PD_OUT
(PD_OUT’) is expressed as Eq. (1).

PD_OUT’ = PD_OUT + offset 1)

Based on Eq. (1), the false-lock points are avoided by fol-
lowing the sequence as shown in Fig. 3(b). Step 1: the offset
value is set negative enough to make PD_OUT’ lower than
zero at any clock phase to force the CDR unlock. Step 2:
the offset value is gradually set higher, and the clock phase
that meets PD_OUT’=0 comes to appear. Because the abso-
lute values of peak and valley near the correct lock point are
larger than those near the false-lock points, adequate offset
value can make the false-lock points disappear. As a result,
the CDR locks to near the correct lock point. Step 3: the off-
set value gradually converges to zero, and the CDR finally
locks to the correct lock point.

The drawback of this offset-based technique is that it is
difficult to know the absolute values of peak and valley near
the correct lock point and those near the false-lock points.
So that, the initial offset value starts at much higher abso-
lute value than that of peak and valley in order to guarantee
that the CDR does not lock to the false-lock points. That
makes the CDR unlock, and the integrator in the LF might
be saturated at the start of the sequence. Moreover, when
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Fig.4  Simulation results of PD_OUT with the comparator in the NRZ

mode or the PAM4 mode (before the adaptation of FFE parameters)
(©2022 IEEE [19]).

the difference between the absolute values of peak and val-
ley near the correct lock point and those near the false-lock
points is small, it means that the offset range where only the
correct lock point exists is narrow. In addition, the offset
range could be small when the input signal is not equalized
well in the analog domain. From the above reasons, this
offset-based technique is not adopted for avoiding false-lock
points.

The second approach is to find the correct lock point
using the characteristics of the MM PD with the compara-
tor operating in the NRZ mode as shown in Fig. 4. Because
the false-lock points are generated by misjudgments at the
additional stable points when the comparator is operating in
the PAM4 mode, these lock points could disappear by set-
ting the comparator mode from the PAM4 mode to the NRZ
mode as shown in Fig.4(a). Figure 4(b) shows simulation
results of PD_OUT with the PAM4 signaling using the com-
parator with NRZ/PAM4 modes. As shown in Fig. 4(b), the
false-lock points disappear and only the correct lock point
exists with the NRZ mode. This indicates that the false-lock
points could disappear when the NRZ mode is adopted for
the MM PD. However, the absolute value of the slope at the
correct lock point with the NRZ mode is lower than that with
the PAM4 mode as shown in Fig. 4(b), which means that the
gain of the MM PD is lower than that with the PAM4 mode.
This results in lower tracking bandwidth (BW) of the jitter
tolerance (JTOL) with the NRZ mode compared to that with
the PAM4 mode.

To achieve higher gain with avoiding the false-lock
points, we propose a sequence that uses both the NRZ mode
and the PAM4 mode as shown in Fig.5. Step 1: the CDR
locks to the correct lock point using the comparator in the
NRZ mode. Step 2: adaptation of the parameters related to
equalizers such as FFE/DFE, REFC, the reference value for
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Fig.6  Connection from the comparator in the CDR loop to the CDR
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the comparator in the DATA DFE (REFD), a variable-gain
amplifier (VGA), and a continuous-time linear equalizer
(CTLE) is performed. Step 3: the comparator is switched
to the PAM4 mode to have higher gain than that with the
NRZ mode. Step 4: re-adaptation of the parameters re-
lated to equalizers is performed. Because the CDR locks to
the correct lock point before switching to the PAM4 mode,
the clock phase gets difficult to fall into false-lock points.
Since the proposed sequence just switches the comparator
modes according to the steps, it does not need to evaluate
the BER for detecting false-lock points, reducing the time
for the adaptation.

Note that the least mean square (LMS) algorithm us-
ing the output of the comparator in the NRZ mode fails in
adapting the FFE parameters because the comparator con-
verts data level of 1 and 2 to 0 and 3, respectively. However,
appropriate adaptation of the FFE parameters in Step 2 is
important for the correct lock point more stable, and further
reducing the risk of falling into false-lock points when the
comparator mode is switched from the NRZ mode to the
PAM4 mode in Step 3. Figure 6 shows the connection from
the comparator in the CDR loop to the CDR LMS and the
MM PD, where E_ZNRZ is the E with the NRZ mode, D_-MM
is the D for the MM PD, E_ZMM is the E for the MM PD,



712

MM_SEL is the selector signal between the NRZ mode and
the PAM4 mode, respectively. The outputs of comparators
connected to the MM PD are switched between the NRZ
mode and the PAM4 mode according to the steps. On the
other hand, the output of the comparator in the PAM4 mode
(E) is always connected to the adaptation circuit with the
LMS algorithm, and this enables to activate the LMS algo-
rithm while in the NRZ mode.

2.2 Clock Phase Adjustment Using the Post-1-Tap Param-
eter of the CDR FFE

After the false-lock-aware locking scheme, the clock phase
is adjusted to the point where it achieves maximum eye
height, which is strongly associated with low BER. Theo-
retically, the MM CDR locks to the point where the pre-1
cursor (h(—1)) is equal to the post-1 cursor (h(1)) as shown
in Fig.7(a). On the other hand, the LMS algorithm adapts
the CDR FFE parameters to make both the h(—1) and h(1)
zero regardless of whether the lock point is the optimal point
for maximum eye height or not. As a result, the lock point
is not always the optimal point for maximum eye height if
the pre-1-tap parameter of the CDR FFE (cdr_tap(-1)) and
the post-1-tap parameter of the CDR FFE (cdr_tap(1)) are
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Fig.7 Clock phase adjustment via the cdr_tap(1) adaptation (©2022
IEEE [19]).
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adapted by the LMS algorithm.

Several techniques are proposed to adjust the clock
phase by adding the weights of “Early” and “Late” [17] or
the offset value [18] to the MM PD. However, these tech-
niques utilizes the difference between h(—1) and h(1) to ad-
just the clock phase, and h(—1) is not equalized with [17]
and [18]. As a result, eye height for the CDR remains
smaller compared with that h(—1) is equalized.

To solve this issue, cdr_tap(1) is adapted independently
instead of the LMS algorithm as shown in Fig. 7(b). With
this scheme, the waveform of single bit response (SBR(t))
is changed to SBR’(t) after the CDR FFE by controlling
cdr_tap(1l), and locked phase value is also controlled (red
arrow). Fig.7(c) shows the simulation results of the re-
lation between cdr_tap(1) and the locked phase value. As
shown in Fig. 7(c), the clock phase is controlled by chang-
ing cdr_tap(1). Whereas h(—1) is not equalized with [17],
[18], both h(—1) and h(1) can be made zero with proposed
technique, resulting in larger eye height for the CDR.

In the proposed sequence, cdr_tap(1) is adapted inde-
pendently to achieve maximum REFD, it means that the eye
height for data decision is also maximum. Figure 8(a) shows
a flowchart of the cdr_tap(l) adaptation sequence. Step
1: initialize the direction of the cdr_tap(1l) adaptation, the
previous REFD (pREFD), and the current REFD (cREFD).
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Fig.8 Clock phase adjustment via the cdr_tap(1) adaptation (©2022
IEEE [19]).
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Step 2: the LMS algorithm adapts the FFE parameters ex-
cept for cdr_tap(1), the DFE parameters, REFC, and REFD
for a certain period of time. At the same time, REFD is inte-
grated to cREFD at every cycle. Step 3: cREFD is compared
with pREFD, meaning that the averaged REFD in this pe-
riod is compared with that in the previous period. If cREFD
is larger than pREFD, then the direction is unchanged; oth-
erwise, the direction is reversed (from +1 to —1 or from
—1 to +1). Step 4: according to the direction, cdr_tap(1)
is either incremented or decremented. At the same time,
cREFD is saved to pREFD, and cREFD is reset to zero,
and return to Step 2. Figure 8(b) shows the example of the
cdr_tap(1) adaptation. Because the FFE is already imple-
mented in the CDR loop, no additional computational cost
except for the cdr_tap(l) adaptation is required for adjust-
ing the clock phase. Note that the sequence described in
Fig. 8 just adapts FFE/DFE parameters and REFC/REFD, it
is used in the Step 2 and 4 in Fig. 5.

3. Transceiver Architecture

The proposed techniques in Sect.2 are implemented in
a 56-Gb/s PAM4 transceiver with ADC-based RX. The
transceiver architecture is shown in Fig.9. To improve the
signal quality, an LC ladder filter assisted ESD protection is
used for a transmitter (TX). A 7-bit DAC with a function of
the 1-pre/2-post-tap FFE is used for the TX. An RX analog
front end (RX-AFE) consists of a T-Coil assisted on-die ter-
mination, a 2-stage CTLE and a 2-stage VGA. The RX-AFE
is followed by a time-interleaved ADC (TI-ADC). The out-
puts of the TI-ADC are connected to an aligner, and aligned
outputs are sent to the DSP.

As shown in Fig. 9, the DSP consists of an offset/gain
mismatch correction, a 3-pre/4-post-tap CDR FFE, a MM
PD, a LF, a PI controller, a 4-pre/26-post-tap DATA FFE,
and a 1-tap DATA DFE. It also includes a mismatch estima-
tion circuit, an adaptation circuits with the LMS algorithm
for the FFE/DFE parameters and REFC/REFD, an adap-
tation circuit for cdr_tap(1), and a CTLE/VGA controller.
The output of the CDR FFE without cdr_tap(1) equaliza-
tion is sent to the DATA FFE/DFE to reduce the bit width

Conventional Inductor

Proposed Inductor

Relation between location and voltage
+V, /2

Fig.10  Glasses-shaped inductor (©2022 IEEE [19]).

of the DATA FFE parameters while that of the CDR FFE
with cdr_tap(1) equalization is sent to the MM PD. The
offset/gain mismatches are corrected in the digital domain
while the skew mismatches are corrected in the analog do-
main.

An LC-type VCO is applied to a PLL for the low-jitter
clock distributed to the TX and a PI followed by a CK_GEN
for the ADC/DSP. In general, it is important for VCOs to
achieve the low-jitter performance with small occupied area.
However, conventional high-Q spiral inductors need large
area for the low-jitter performance. To reduce the occupied
area of the inductor, a custom “glasses-shaped” inductor has
been designed as shown in Fig. 10. Compared with conven-
tional inductor, small voltage difference between upper and
lower layer in the inner-winding helps reduce the equivalent
lamped capacitance, resulting in larger Q-value [20]. The
current direction of the most part is the same as the adjacent
wire, resulting in large inductance by mutual inductance.
However, the current direction near the center is opposite,
that reduces total inductance. To relax the impact of the
center part, the wire near the center is designed to be short
and widely spaced as possible. Using the proposed induc-
tor, the occupied area of the inductor can be reduced while
maintaining the required inductance and Q-value. Figure 11
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shows the relation between occupied area and simulated Q-
values at 14 GHz. Compared with conventional spiral induc-
tor with the same inductance and Q-value, the occupied area
of the proposed inductor (Area=X*Y) is reduced by 28.7%
at the moderate Q-value of 9.4, which is enough for the tar-
get clock jitter. In addition, a noise-cancelling charge pump
[21] is also implemented in the PLL.

Figure 12(a) shows the block diagram of the TI-ADC.
A hierarchical architecture with four rank-1 buffers is used
in the 7-bit 32-way TI-ADC. Each rank-1 buffer is followed
by two track-and-hold circuits (THs) running at 3.5 GS/s,
and each TH is connected to a rank-2 buffer followed by
four sub-ADCs. Figure 12(b) shows the timing chart of the
TI-ADC. CK_R1_Xs are skew calibrated by the control sig-
nal from the DSP while CK_R2_Xs are not calibrated. Fig-
ure 12(c) shows the block diagram of the sub-ADC. Each
sub-ADC uses a dynamic comparator in an asynchronous
loop with 8 successive approximation cycles (1-bit redun-
dancy for testing 8-bit operation).

4. Measurement Results

A test chip is fabricated in 16-nm CMOS FinFET tech-
nology, and a die micrograph of the test chip is shown in
Fig. 13. The chip area of the transceiver is 4.0 mm? includ-
ing test circuits. Figure 14 shows the plots of channel IL
used for external loopback tests. The total loss from ball to
ball is 30dB at 14 GHz. Figures 15(a) and 15(b) show the

Fig.13

Die micrograph (©2022 IEEE [19]).

-30 dB

>,

Yy

0 5 10 20 25 30

15
Freq. [GHz]

Insertion loss used for external loopback tests (©2022 IEEE
[19D).
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TX output and the recovered RX eye diagram at 56 Gb/s. As
shown in Fig. 15(b), an open eye pattern is obtained after the
equalization by the DSP. Figure 16 shows the bathtub curve
obtained from the external loopback tests. The BER of less
than le-7 is achieved with PRBS31. Figure 17 shows the
JTOL with PRBS15 at IL=29.3 dB. In the JTOL measure-
ments, an arbitrary waveform generator outputs the PAM4
signal to the RX. As shown in Fig. 17, 10-MHz tracking BW
is achieved, and it meets our target JTOL.

Figure 18 shows the equalized eye diagram and the data
histogram at the lock point with and without the proposed
false-lock-aware locking scheme when the clock phase is
set to the false-lock point before the adaptation sequence.
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Fig.18 Eye diagram and histogram at lock point with/without the false-
lock-aware locking scheme at 56 Gb/s PRQS7 from the external loopback
tests (IL=30dB) (©2022 IEEE [19]).

With proposed scheme, the MM CDR can successfully es-
cape from the false-lock point, and the distribution of each
data level is separated. On the other hand, the clock phase
stays at the false-lock point without this scheme, and the
distribution of each data level is overlapped even after the
adaptation sequence. From this result, it is confirmed that
the false-lock-aware locking scheme is the effective way to
find the correct lock point.

Figure 19 shows measured REFD and BER against
cdr_tap(1), 10 different adaptation sequences are executed
in each cdr_tap(1) to reduce the effect of the fluctuations in
the parameters caused by the difference in the way adap-
tation sequences are performed. The averaged REFD and
BER with various cdr_tap(1) are plotted as the blue plots in
Fig. 19. The measured REFD and BER using the proposed
cdr_tap(1) adaptation technique are also plotted as the red
plots. As shown in Fig. 19, cdr_tap(1) is successfully con-
verged and REFD and BER are close to the optimum values
by using the proposed cdr_tap(1) adaptation.

Table 1 shows a comparison with previous works at
56 Gb/s. Compared with previous works, our work includes
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Fig.19  Plots of (a) averaged REFD and (b) BER against fixed cdr_tap(1)
at 56 Gb/s PRBS31 from the external loopback tests (IL=30dB) (©2022
IEEE [19]).

Table 1  Performance Summary and Comparison (©2022 IEEE [19]).
This work 11 13] 151
Technology 16nm FinFET | 16nm FinFET | 16nm FinFET | 7nm FinFET
Power Supply [V] 0.8/0.9/1.0/1.8 0.9/1.2/1.8 0.85/0.9/1.2/1.8 0.75/0.9
Data Rate [Gb/s] 56 56 56 56
IL [dB] 30 31 32 42.5
Areal/lane [mm?] 4.0 1.4 2.2 0.468
(incl. test circuit)
Power/lane (excl. DSP) [mW] 365 550 325 146
Power Efficiency [pJ/bit] 6.5 9.8 5.8 2.6
BER 1.0E-07 1.0E-15 1.0E-12 1.0E-07
False-Lock-Aware Yes -
Phase Adjustment Yes - Yes

both false-lock-aware locking scheme and phase adjustment
scheme.

5. Conclusion

In this paper, a technique for the MM CDR is proposed to
allow the MM CDR to escape from false-lock points by
switching the comparator modes for the MM PD. Another
technique for the clock phase adjustment using the post-1-
tap parameter is also proposed to adjust the clock phase to
the point which achieves maximum eye height. Proposed
techniques are implemented in the test chip fabricated in
16-nm CMOS FinFET technology. From measurement re-
sults, it is confirmed that the MM CDR escapes from false-
lock points successfully, and converges to near the optimum
point for large eye height.
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