
IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS—I: REGULAR PAPERS, VOL. 69, NO. 3, MARCH 2022 1027

A 56-Gbps PAM-4 Wireline Receiver With 4-Tap
Direct DFE Employing Dynamic CML

Comparators in 65 nm CMOS
Dengjie Wang , Ziqiang Wang, Hao Xu, Jiawei Wang , Zeliang Zhao ,

Chun Zhang , Senior Member, IEEE, Zhihua Wang , Fellow, IEEE, and Hong Chen , Senior Member, IEEE

Abstract— This paper presents a four-level pulse amplitude
modulation (PAM-4) receiver that incorporates a continuous time
linear equalizer, a variable gain amplifier, a phase interpolator-
based clock and data recovery, and a 4-tap direct decision
feedback equalizer (DFE) for moderate channel loss applica-
tions in wireline communication. A dynamic current-mode logic
comparator (DCMLC) is proposed and employed in the DFE.
The DCMLC, which adopts dynamic logic, breaks the trade-off
between the bandwidth and the clock to Q delay in the traditional
current-mode logic comparator (CMLC). Compared with the
traditional CMLC, the DCMLC reduces the clock to Q delay
by 36%, which allows the implementation of a 4-tap direct DFE.
Moreover, the first tap feedback signals are directly tapped from
the output of the DCMLC, allowing the first tap feedback current
to initiate 0.5UI before the decision clock. The PAM-4 receiver
prototype is fabricated in a 65nm CMOS process. At a data rate
of 56-Gbps, it can compensate for up to 20.17dB loss and achieve
a bit error rate < 1E-10 with a power efficiency of 4.75 pJ/bit.

Index Terms— Receiver (RX), four-level pulse amplitude mod-
ulation (PAM-4), decision feedback equalizer (DFE), clock and
data recovery (CDR).

I. INTRODUCTION

THE ever-increasing bandwidth requirements of commu-
nication systems have driven wireline transceivers to

operate at speed of up to 56-Gbps, which has promoted the
recent development of high-speed I/O standards using four-
level pulse modulation (PAM-4) [1], [2]. In PAM-4 signaling,
four levels are used to represent 2-bit information (LSB and
MSB), which doubles the bandwidth utilization compared
with the non-return-to-zero (NRZ) signaling. The increase of
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bandwidth utilization means that the same bandwidth with
a PAM-4 signal can achieve two times the data rate of the
NRZ signal, which may lead to higher data rates and lower
equalization requirements. However, the eye swing of a PAM-4
signal decreases to 1/3 of an NRZ signal, which reduces
the signal-to-noise ratio (SNR) by 9.5dB. And the multilevel
nature of the PAM-4 signal introduces new challenges in
designing PAM-4 transceivers. Besides, the PAM-4 signaling
increases the circuit complexity of the transmitter and receiver.
At the transmitter, the separate multiplexer paths of LSB and
MSB signals are required, and the implementation of a PAM-4
feedforward equalizer also requires a large number of output
stage segments. At the receiver, the multi-level decoding
requires more hardware (at least three times more samplers
than the NRZ receiver) which brings high power dissipation
and heavy loading. Moreover, the design of PAM-4 equaliza-
tion is another challenge. In particular, it is difficult to realize
a PAM-4 DFE with high energy efficiency and performance.
Finally, the analog front-end (AFE) with sufficient linearity of
the receiver is required to avoid further deterioration of the
SNR. This paper aims to achieve an energy efficiency PAM-4
receiver by addressing the forgoing infers design challenges,
especially for DFE.

Two receiver architectures of the mixed-signal receiver and
analog-to-digital converters (ADC)-digital signal processing
(DSP) based receiver have been employed. ADC-DSP-based
receivers [3]–[6] have powerful equalization capabilities due
to the DSP, which are widely used in high insertion loss
applications. But the mixed-signal PAM-4 receivers [7]–[9] are
more power-efficient for moderate channel loss applications
(less than 20 dB), which are the target applications of this
paper. In the mixed-signal wireline receiver, continuous-time
linear equalizers (CTLEs) are often used to boost the main cur-
sor, however, the high-frequency peaking cannot be too large
with the consideration of noise and crosstalk amplification.
The decision feedback equalizer (DFE) has the advantage of
eliminating the residual post cursors while not amplifying the
noise and cross-talk, which is often adopted in the receiver.

However, with the UI time constraints set by the feedback
nature of DFE, the design of a high-speed DFE is challenging,
which is further aggravated by the circuit complexity in PAM-4
receiver. In [10] and [11], the un-loop first tap, which is
proposed in NRZ signaling, is used to satisfy the UI timing
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Fig. 1. A direct DFE design with the first tap and its timing constraint.

constraint. But in PAM-4 signaling, each additional DFE tap
increases the circuit complexity by four times. For example,
a full-rate PAM-4 DFE with one un-loop tap requires 12
comparators, which introduces a large capacitance load and
degrades the power efficiency. Besides, the extra time burden
of the multiplexer for non-unrolled taps is added.

Fig.1 demonstrates a direct DFE design with the first
tap (h1). As illustrated in Fig.1, the h1 loop timing constraint
that contains Tcq , Tset tle and Tsetup is required to be done
within 1UI. Tcq is the clock to Q delay of the comparator,
Tset tle is the settling time of DFE summer, and Tsetup is the
setup time of the comparator. According to the DFE timing
analysis in [14], the delay of the comparator (Tcq) occupies
a considerable part of the one-UI timing constraint in the
h1 loop. The direct DFE adopting a Strong-Arm comparator
(SAC) [7] or a CMOS track-and-regenerate slice [8] have been
demonstrated that works over 56-Gbps, and they are fabricated
in 16nm [7] and 28nm [8] CMOS technology. The current-
mode-logic (CML) comparator-based direct DFE with data
rate 56-Gbps have been presented in [12] [13] using 40nm and
65nm CMOS technology respectively. Therefore, the paper
aims to realize a power-efficient PAM-4 receiver with 4-tap
direct DFE by decreasing the delay of the CML comparator
(CMLC).

This paper presents a 56-Gbps mixed-signal PAM-4 receiver
for moderate channel loss applications (<20dB), which is
organized as follows. Section II provides an overview of the
PAM-4 receiver architecture, and each subsection describes
the key circuit design in the AFE and clock and data recovery
(CDR). Section III describes the operations and features of
the proposed dynamic CML comparator (DCMLC) in detail
and introduces the optimization made in this paper to meet the
timing constraints of the DFE. In Section IV, the measurement
results of the 65nm CMOS prototype are presented and
discussed. And finally, Section V concludes this paper.

II. RECEIVER ARCHITECTURE

Fig.2 presents the overall architecture of the PAM-4
receiver. The T-coil network consists of ESD protection diodes,
peaking inductors, and on-die termination resistors. After the
T-coil network, the PAM-4 signal enters the AFE path, which
consists of a CTLE, a variable gain amplifier (VGA) stage,
and a buffer. The PMA-4 signal equalized by AFE then enters
the 4-tap DFE block, which completes the DFE equalization
and data and edge decision. The DFE adopts a quarter-rate

architecture and consists of four identical DFE slicers, each
slicer contains three samplers with different thresholds. Each
sampler contains a proposed DCMLC that serves as the data
comparator to complete DFE summing and data slicing, and
an edge comparator that consists of a pass-transistor and
a SAC to sample edge data. The DFE is sampled by an
eight-phase clock controlled by a phase interpolator (PI). The
sampled data and edge streams are sent to the 1:2 deserializer.
After deserialization, the data are converted from thermometer
code to binary code. Meanwhile, the 1/8 baud rate data and
clock are also output through PADs for off-chip bit error
rate (BER) testing. And then all the data and edge data are
further deserialized to a 1/16 baud rate to lower the operating
frequency of the CDR logic, which rotates the PI output clock
phase to make DFE sampling data at the center of the eye. The
clock path receives an external half-baud rate single-end clock
signal, which is then converted to differential CML levels.
A CML frequency divider is used to generate the four-phase
quadrature clocks. A triangle circuit is designed to reshape the
input clocks of PI to a triangle.

The following parts describe the design details of CTLE in
Section II-A, VGA, buffer, and AFE linearity in Section II-B,
and CDR loop in Section II-C.

A. CTLE Design

Both pre-cursor inter-symbol interference (ISI) and long
post-cursor ISI are mitigated by a single-stage CTLE, which
is shown in Fig.3 (a). The CTLE adopts the structure of
RC source-degenerated differential amplifier with adjustable
degraded resistance and capacitance. The source-degenerated
capacitor CS is manually configured by a 4-bit switched MOS
varactors array. The source-degenerated resistor RS contains a
poly resistor and a MOS resistor. The gate of the MOS resistor
and varactors are connected to a bias voltage, VCT L E , whose
value is configured through a PAD connected to an off-chip
voltage source. The inductor peaking technique is employed
to broaden the bandwidth, enlarge the peaking, and achieve
reasonable power efficiency.

The AC response of the CTLE is simulated with the number
of switched on varactors changing from 0 to 15 when VCT L E

is 0.5V, as shown in Fig.3 (b), from which it can be seen
that the minimum DC gain is -7.57dB, tuning the capacitor
array will change the medium and high-frequency response of
the AC curve, providing up to a 14.4dB peaking at Nyquist
frequency of 14GHz. Fig.3 (c) presents the simulated AC
response of the CTLE with VCT L E varying from 0.5V to 1V
when all varactors in the CTLE are turned on, which shows
that tuning the control voltage VCT L E changes the whole
frequency response, but it mainly affects the low-frequency
gain and the low-frequency response. In this design, changing
the VCT L E can provide close to 7dB gain control at low-
frequency. The CTLE with two degrees of freedom has great
flexibility to adapt to the different insertion loss of channels.

B. VGA and Buffer

A relatively fixed input swing is required for PAM-4
DFE design, which is directly related to the threshold of
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Fig. 2. The PAM-4 receiver architecture.

Fig. 3. (a) Circuit schematic of CTLE; (b) Simulated AC response of the
CTLE with digitally setting of varactors array at VCTLE = 0.5V; (c) Simulated
AC response of the CTLE with different settings of VCTLE when all varactors
array is switched on.

comparators and coefficients of DFE. A VGA is often designed
for swing adjustment of the DFE input. The most popular VGA
circuit is based on a degenerated differential pair, which con-
sists of a programmable resistor [15], [16]. This kind of VGA
has the advantages of good linearity and low input capacitance
due to its simple structure. However, it is difficult to achieve
fine and linear gain control. Furthermore, the capacitance at the
source of the input differential pair introduces an undesirable
high-frequency boost. The alternative VGA implementation
makes use of a current steering structure, such as a Gilbert
cell [17]. In each Gilbert cell, only one differential pair is
activated to achieve positive or negative gain. The circuit
is preferable because of its constant output common-mode
voltage, gain-independent bandwidth, and wide tuning range.
However, the VGA with the current steering structure has
the following disadvantages: bandwidth reduction due to large

Fig. 4. Schematic of VGA circuit.

input and output capacitances, poorer gain compression, and
increased power consumption.

In order to take advantage of the two kinds of VGAs, a VGA
combine with two above structures is designed, as depicted
in Fig.4. A Gilbert cell is paralleled with the degenerated
differential pair array, the total gain of the VGA should be the
sum of the current gains of each differential pair multiplied
by the load resistance RD . The current gain of the Gilbert cell
is either gm5 or −gm5 according to its configuration. And the
degenerated differential pair array is similar to that in [18], and
the degeneration network is purely resistive. Degenerated pairs
are segmented into 15 cells, in which the degeneration network
consists of a switch and a resistor in parallel. Therefore, the
current gain of each cell in the array can be switched between
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Fig. 5. (a) Simulated AC response of the VGA with control code from 0 to 15;
(b) Simulated AC response of the VGA with control code from 16 to 31.

two different values according to the state of the switch.
Denoting the number segment of switched on degenerated
differential pair is N . The current gain of the degenerated
pair array is given by (1), and the total gain of VGA can be
expressed as (2). The gain of the VGA is controlled by a 5-bit
binary code (RC<4:0> in Fig.4, RC<4> is the control bit
of the Gilbert cell). And an inductor is designed to provide a
bandwidth extension.

g1 = N · gm + (15 − N)gm

1 + gm R1
(1)

GV G A = [g1 ± gm5] × RD (2)

Fig.5 (a) and (b) show the AC response of the VGA varying
with the number segment of the switched on degenerated pairs
from 0 to 15 when the Gilbert cell is configured with a positive
and negative gain, respectively. As stated before, the gain boost
of VGA should be avoided as much as possible. Therefore, a
1dB gain boost at 14GHz is set as the limited point in VGA
design. Configurations that make the gain boost of VGA at
14GHz more than1dB are not used, such as the lines with a
DC gain less than 0.78dB in Fig.5 (a). The overall VGA gain
varies from −2.17dB to 4.95dB within a 1dB boost at 14 GHz.
In practice, the non-monotonicity of VGA gain with the code
from 15 to 16 should be paid attention to.

Due to the large capacitive loading at DFE inputs, a CML
buffer with RC source-degenerated and inductor peaking is
implemented before DFE, which provides parasitic isolation
and bandwidth extension. The bandwidth of the buffer is
around 40 GHz with 2dB peaking at 16 GHz.

Since the linearity performance of the AFE is essential for
PAM-4 signal, the linearity of the CTLE, VGA, and buffer are
examined via the input 1dB-gain compression point (1dBcp),
which is represented by the input differential swing (Vpp).
Generally, the 1dBcp will be improved when the gain is
reduced. Therefore, the simulated and required input 1dBcp
of the CTLE at 14GHz with the configuration of all varactors
switched on are depicted in Fig.6 (a). And the required
input 1dBcp is plotted. First, a 1.2V differential swing of
the signal before a channel is assumed. Then, the required
1dBcp is calculated with the gain boost of the CTLE at the
corresponding frequency. The VGA’s input 1dBcp at 14GHz
is examined over all control codes. And the simulated and
required input 1dBcp over process, voltage, and temperature
(PVT) are presented in Fig.6 (b), in which the jump is caused
by the gain decrease of the VGA with the control code
from 15 to 16. Similarly, the required 1dBcp is estimated by

Fig. 6. (a) Simulated input linearity of the CTLE at 14GHz over PVT with
all varactors switched on; (b) Simulated input linearity of the VGA at 14GHz
over PVT varies with VGA control code.

Fig. 7. The CDR loop.

Fig. 8. PAM-4 transitions. (a); (b) Good transitions; (c) Bad transitions with
“small late”; (d) Bad transitions with “large late”.

TABLE I

PD LOGIC FOR CDR

assuming that the required differential swing of the PAM-4
signal to DFE is 0.4V. In addition, the input 1dBcp of the
buffer is higher than 1 Vppd over PVT.

C. CDR Design

A PI-based CDR (Fig.7) provides a flexible and energy-
efficiency solution for adjusting the PI output clock phase
to track the data. A phase detector (PD) takes in the 1/8
baud rate data and edge samples and generates phase error
information. Similar to that in [19], the proposed PD uses all
transitions, and the final phase error is determined through a
bang-bang PD (BBPD)-voter. As shown in Fig.8 and Table I,
B B P DH , B B P DZ , and B B P DL represent the BBPD results
of three edge slicers with thresholds of +VT , V0, and −VT ,
respectively. For good transitions (see Fig.8 (a) and (b)), the
PD performance is same as a conventional BBPD. For bad
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Fig. 9. The schematic of (a) TWG circuit, and (b) PI cell.

transitions, there are two situations: the “small late/early”
(shown in Fig.8 (c)), and the “the large late/early” (Fig.8 (d)).
In “small late/early” situation, the PD logic ignores the
extracted phase information, and in “large late/early” situation,
the PD logic performance is same as a conventional BBPD.
A voter is adopted to reduce the data rate of phase error
information to a data rate compatible with the digital filter.
The second-order digital filter [20] with adjustable K p and Ki ,
as shown in Fig.7, is designed to generate stable PI control
words. A triangular-modulated PI is adopted to guarantee the
linearity of the PI over a wide frequency range. A triangular
waveform generator (TWG) (Fig.9 (a)) converts the input
quadrature clock to the high slew-rate clocks for PI using
current sources and a capacitor. The PI circuits, depicted in
Fig.9 (b), complete phase interpolating between ip and qp by
controlling the number of segments assigned to ip or qp.

III. DFE LOOPS

A. Comparator Design

Voltage comparators (also called sense amplifiers) are
widely used in the design of mixed-signal circuits and systems,
which represent the interface between the analog domain and
digital domain. The function of the comparator is similar to a
regenerative amplifier, sampling the input signal at a certain
moment, and then determining whether the voltage is lower
or higher than the threshold voltage. A variety of comparators
have been demonstrated in previous works. According to
the level logic, the comparator can be divided into CMLC
and CMOS latch-type comparators. The CMOS latch-type
comparator, such as the SAC originally presented in memory
circuits [21], is an appealing one for its CMOS-level outputs
and no dc power. And variants of SAC are proposed, such
as double-tail latch-type comparator (DTLC) proposed in [22]
enhances the ability of SAC to operate at lower input common-
mode voltage and power supply voltage. However, the CMOS
latch-type comparator is always sensitive to supply variations
and input common-mode levels. In DFE, the comparator’s
inputs are the outputs of DFE summer, whose common-mode
levels vary with DFE feedback currents. Therefore, the variants
of DTLC [23]–[26] attempt to meet the delay performance
in an extended common-mode range. However, an unwanted
common-mode restoration circuit [7]–[8] is still required in

Fig. 10. Schematic of the traditional CMLC.

DFE summer to ensure the performance of the CMOS latch-
type comparator.

On the other hand, a single-stage CMLC can provide higher
bandwidth and reduced delay, and has been employed in
56-Gbps data receivers [12], [13]. Besides, the CMLC has
higher sampling gain and input sensitivity than the CMOS
latch-type, moreover, it poses higher immunity to supply
variation and input common-mode voltage. However, the
CMLC has some drawbacks. First, the CMLC suffers from
static power consumption. Second, the CMLC presents large
output capacitances due to the cross-coupled MOS pair, which
lower the bandwidth of CMLC. Third, the CMLC output
level cannot be directly compatible with the relatively power-
efficient CMOS logic circuit. The CMLC in [16] attempts to
jointly optimize the output swing and DFE taps size, without
much optimizations to reduce the CMLC delay. However,
given that the goal of this paper is a data rate of 56-Gbps
in a 65nm process, the CMLC is adopted.

Fig.10 demonstrates a traditional CMLC circuitry, which
consists of an input tracking stage M1 and M2 for detecting
and tracking the input data, a threshold stage M5 and M6 for
setting the slicer threshold, and a cross-coupled regeneration
pair M3 and M4 for regenerating the data. The tracking and
regeneration modes are determined by CKP and CKN of the
M7 and M8 differential pair. When the CKP is “1”, the tail
current (ISS1) all flows to the tracking path, which allows
CMLC to track the input data. Meanwhile, M9 is on, the tail
current (ISS2) flows through the threshold stage. Therefore,
the tail currents (ISS1, ISS2) are summed at the output node
through the load resistor RD . Finally, the voltage of Vin and
Vth are compared by currents. In the regeneration mode, the
CKP is “0”, CKN is “1”, and the tracking stage is disabled,
whereas the regeneration pair is enabled to regenerate toward
to logic state through the positive feedback of the cross-
coupled pair.

Besides the disadvantages mentioned above, the traditional
CMLC has a primary limitation that the same tail current
is used for tracking and regeneration pairs. Moreover, the
parasitic capacitances of M3 and M4 degrade the bandwidth
for a proper tracking operation and severely limit the size
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Fig. 11. (a) Small-signal mode of the CMLC in tracking mode;
(b) Small-signal mode of the CMLC in regeneration mode.

of cross-coupled pair for a reliable regeneration operation.
In [27] inductive peaking is adopted to broaden the bandwidth
and maximize the speed. However, the PAM-4 DFE requires
three times more hardware resources than that of the NRZ
DFE, making the inductor solution non-area-power efficiency.
On the other hand, in the CMLC design, the key parameter
is the value of load resistance (RD), which is related to
the bandwidth of tracking and the speed of regeneration.
The small-signal modes of the comparator in tracking and
regeneration mode are given in Fig.11 (a) and (b), respectively,
from which two conclusions can be conducted. One is that the
traditional CMLC has a settling time constant of RDCL in the
tracking mode. Another is that the negative conductance of
CMLC in the regeneration mode is

Gm,regen = 1

RD
− Gm2, (3)

where the Gm2 is the conductance of the cross-coupled pair.
Therefore, there is a trade-off between the bandwidth of
CMLC in the tracking mode and the regeneration speed of
CMLC in regeneration mode. In other words, reducing RD

to improve settling time in the tracking mode increases the
comparator’s regeneration time constant τregen as a conse-
quence. Moreover, the output swing is directly determined by
ISS1 × RD , as a result, reducing RD will increase the power
to maintain the swing.

In order to solve the problems mentioned above, a DCMLC
is proposed and designed to reduce the clock-to-Q delay and
maintain the high bandwidth. When the DFE is designed with
the DCMLC, the bandwidth requirement of DFE summer is
reduced as the result of the reduced comparator delay, thereby
realizing an area-energy-efficient DFE design that works at
high data rates. Fig.12 shows the circuit schematic of the
proposed DCMLC with a negative capacitance. The proposed
DCMLC applies the dynamic logic technology to CMLC to
realize the independent load resistance in the tracking and
regeneration mode.

As shown in Fig.12, when DCMLC works in the tracking
mode, that is, clock C0P is “1” (C0N is “0”), M9−10 and
M13−14 turn on, M15 turns off, and M9−10 and M11−12 are
connected in parallel to achieve a small resistance. The small
load resistance allows the DCMLC to achieve a relatively large
bandwidth, it should be noted that the smaller the resistance,
the greater the power consumption is needed to maintain

a reasonable swing of PAM-4 signal. Moreover, the MOS
transistors are used as resistors instead of polysilicon resistors
to achieve a small area on the layout to decrease the parasitic
capacitance. Furthermore, the M7−8, M16−17, and CC in the
dashed box can be equivalent to a negative capacitor proposed
in [28], which is designed to compensate for the self-loading
effect of the cross-coupled pair and expand the bandwidth of
the output node of DCMLC. The VC connected to a PAD is
used to adjust the negative capacitance value to compensate
for the variation over PVT. Simulation results show that the
AC gain of DCMLC in the tracking mode at 14 GHz drops
2.38dB without the negative capacitor, and 0.1dB with the
negative capacitor.

On the other hand, when DCMLC works at the regeneration
mode (CK0P is “0” and C0N is “1”), M9−10 and M13−14 turn
off, M15 turns on. Only M11−12 serve as the load resistor
to realize a large resistance, reducing the regeneration time
constant and shortening the regeneration process.

In theory, the output swing of DCMLC in the regeneration
mode is proportional to the load resistor. However, the output
swing of DCMLC is lower than that of CMLC. The reason
is that the input pair and threshold pair, M1−4, connect the
outputs together, which provides leakage current paths. Fig.13
illustrates this phenomenon when the DCMLC works in the
regeneration mode with output “0”. It can be seen that M1−4
provide M11 with current paths (arrow in Fig.13) to ground
through M6 and M15. Therefore, the output voltage level of
“1” is determined by the partial voltage of M11 and M1−4,
M6, M15. A closer analysis shows that this current helps the
positive feedback of the cross couple pair and further reduces
the delay of regeneration. Hence, the smaller the M11 is, the
lower the voltage level of “1” is. In order to reduce the delay
of DCMLC and ensure enough output swing, the size ratio of
M9−10 and M11−12 in the DCMLC is designed to be 3/2.

The simulation and comparison results of the “track-
regenerate” comparators (DCMLC and CMLC) and the “reset-
regenerate” comparators (SAC and DTLC) are presented in
Fig.14. The CMLC has the same size of input transistor, the
same tail current, and the same load resistor as that of the
DCMLC. The power consumption of the SAC and DTLC is
about 6mW, which depends on the power consumption of the
DFE slicer for keeping the same power consumption as that
of the DFE slice designed with the DCMLC. All the clock-
to-Q delay simulations are based on post-layout. In addition,
a 100fF load capacitor is driven by each comparator, which
represents the estimated parasitic and the load capacitance of
the tap. As shown in Fig.14 (a), the input signals of com-
parators in the simulation are a worst-case data pattern, which
represents a weak symbol among a long strong symbol. For
example, a V−1 symbol is between a long sequence of V3. This
pattern is chosen for the reason that the high-level symbols
tend to cause relatively large ISI for the subsequent symbols.
�V represents the voltage difference between PAM-4 level
“V−1” and “V1”. In comparison, the Q point is defined as
±600mV, and �V is set to 60mV. Fig.14 (b) gives the clock-
to-Q delay of each comparator, from which it can be concluded
that the delays of the proposed DCMLC, DTLC, CMLC,
and SAC are 20.2ps, 27.7ps, 31.5ps, and 38.2ps respectively.
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Fig. 12. Circuit schematic of the proposed DCMLC with a negative capacitor.

Fig. 13. The leakage current path of the DCMLC in regeneration mode with
output “0”.

Compared with the last three comparators the DCMLC delay
is reduced by 27%, 36%, and 47%. In addition, the swing loss
of DCMLC compared with the swing of CMLC is negligible.

Besides, the DCMLC has high immunity to supply variation
and common-mode voltage. A voltage drops of 100 mV from
a 1.2 V supply simulation results (Fig.14 (c)) show that the
delays of the proposed DCMLC, DTLC, CMLC, and SAC
are 21.1ps, 31.9ps,32.7ps, and 45.6ps respectively. Compared
with that with the supply of 1.2V, the delay was increased
by 4.5%, 15%, 3.8%, and 19% respectively. As already have
been verified in [22], the input common-mode level seriously
affects the delay performance of DTLC, which changed by
20% when the common-mode varies from 0.6V to 0.75V. The
DFE using the comparator proposed in this paper completes
the DFE summer in DCMLC, which is described in detail
later. Therefore, the common-mode level variation occurs at
the output of DCMLC. Fig.15 (a) demonstrates the simulation
results of the delay performance of the DCMLC varies with
the output common-mode level, and shows that the clock-
to-Q delay varies by 1.3ps when the common-mode voltage
changed from 0.82V to 0.93V. That verifies that the delay of
the DCMLC is immune to the common-mode change caused
by DFE taps.

Fig. 14. (a) Input signals to the comparators; (b) Clock-to-Q delay of
the SAC, DTLC, CMLC, and the proposed DCMLC under 1.2V supply;
(c) Clock- to-Q delay of the SAC, DTLC, CMLC, and the proposed DCMLC
under 1.1V supply.

In addition to reducing the clock-to-Q delay, the proposed
DCMLC also holds excellent input sensitivity compared with
the SAC and DTLC. The input sensitivity is defined as the
minimum differential input swing required by the comparator
when the output swing is greater than 600mV within 1UI
delay. The input of the comparators used in the simulation
is shown in Fig.14 (a), and Fig.15 (b) illustrates the curve
of the input sensitivity with the same simulation condition
in the clock-to-Q delay simulation. It can be observed that
the sensitivity of SAC and DTLC becomes very poor at high
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Fig. 15. (a) Clock-to-Q delay vs. output common-mode voltage of the
DCMLC; (b) Simulated input sensitivity of the comparators at different baud
rates.

Fig. 16. The DFE architecture.

baud rates due to the reset phase. Compared with CMLC,
the proposed DCMLC with negative capacitance to broaden
the bandwidth has better sensitivity than that of CMLC.
And the proposed DCMLC has the best sensitivity among all
the compared comparators.

B. Time Constraints of DFE Loops

As the data rate increases, meeting the unit interval (UI) tim-
ing constraints of DFE taps, especially the timing constraints
of the first tap, poses a serious challenge to the design of
the DFE circuit. In this section, the timing constraint in the
4-tap PAM-4 DFE, designed with the proposed comparator,
is analyzed in detail.

As shown in Fig.2, the quarter-rate DFE architecture is
designed to reduce clock frequency to lower clock power.
Fig.16 shows the overall architecture of the DFE circuit.
As described in Section II, the input data is sampled by
time-interleaved four identical DFE slicers. Each DFE slicer
consists of three samplers with different thresholds, and the
sampler is composed of a data sampler and an edge sampler.
The data sampler completes DFE summation and data decision
by using the DCMLC. The edge sampler is designed with
a pass-transistor and a SAC to sample the edge information
for CDR. Take slicer 270P as an example to illustrate the
connection relationship of DFE taps. In the first tap (h1)
loop, the DCMLC’s outputs in DFE slicer 270P are directly
connected to the h1 tap in DFE slicer 0P. And the output of
DCMLC are amplified to CMOS–level by a two-stage inverter
buffer for tapping to the second tap (h2) in DFE slicer 90P,

and then the signal is transformed to NRZ signaling by the
SR latch, which drives the third tap (h3) in DFE slicer 180P,
finally, the data is buffered by inverters to the fourth tap
(h4) in DFE slicer 270P. With the quarter-rate architecture,
a 4-tap DFE can be achieved without latch or D flip-flop
(DFF). Therefore, there are four DFE loops, h1, h2, h3, h4,
whose time constraints can be expressed in (4), (5), (6), (7),
respectively.

Tcq + Tset tle + Tsetup < 1U I (4)

Tcq + Tset tle + Tsetup + Tbu f 1 < 2U I (5)

Tcq + Tset tle + Tsetup + Tbu f 1 + TS R < 3U I (6)

Tcq + Tset tle + Tsetup + Tbu f 1 + TS R + Tbu f 2 < 4U I (7)

Tcq is the clock-to-Q delay of the proposed DCMLC, Tset tle

is settling time of DCMLC in the tracking mode (served as
the DFE summer), Tsetup is the setup time of the DCMLC,
Tbu f 1 is the delay of the two-stage inverter buffer after the
DCMLC, TS R is the delay of SR-latch, Tbu f 2 is the delay of the
last buffer, and 1UI is 35.71ps for 56-Gbps PAM-4 signaling.
In addition, Tbu f 1, TS R, and Tbu f 2 are all less than 1 UI.
Therefore, the tightest timing constraint is the h1 loop.

Fig.17 depicts the h1 closed loop with the proposed
DCMLC, in which the output of DCMLC is directly connected
to the h1 tap. The current of each DFE tap is set by the gate
voltage (connected to pads) of the tail MOS transistor of the
corresponding tap path. The time constraint of h1 loop is given
in (4), and Tcq is directly affected by the swing of the Q point.
The swing of Q point should be the differential input swing
that makes the input differential pair of the h1 tap work in
switch mode. In order to reduce the delay of Tcq , a small swing
of Q point is required, which means that a large feedback
stage is needed and a large capacitive load is introduced to
the output of the DCMLC. In this design, the feedback stage
of 1.2u/0.06u is designed to achieve robust feedback of DFE.
Fig.18 demonstrates the curve of h1 tail current (Itap) and h1
coefficient current (Idiff) with the input differential swing of
the feedback stage under PVT. It can be seen that when the
input swing of the stage is above 500mV, more than 95% of
the current is used for the DFE feedback calculation. Besides,
to further realize almost noise-free feedback, the swing of Q
point is set to 600mV. Meanwhile, as shown in Fig.19, the
worst Tcq of the DCMLC is 26.6ps over PVT.

The setup time (Tsetup) is a concept from digital DFF,
which is defined as the required time of the digital input to
the trigger clock edge. And this concept can be equivalent
to the sampling aperture of the comparator. The impulse
sensitivity function (ISF) describes the sensitivity of the output
of a clocked comparator to the impulse input at a certain
arrival time, the width of the ISF can be used to characterize
the sampling aperture time. More fundamentals and details
can be found in [26], [29]. Here, the approach presented
in [29] is adopted to simulate the ISF of the comparator.
First, a small step with offset voltage Vos is applied as input
to the comparator, VM S (τ ) is obtained by sweeping the Vos

that makes the comparator metastable at each time. Then, the
ISF can be derived from the derivative of VM S (τ ). Fig.20
shows the simulated normalized VM S (τ ) (Fig.20 (a)) and
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Fig. 17. The h1 loop of the designed DFE with the proposed DCMLC.

Fig. 18. Simulated h1 tap current and h1 coefficient vs. differential input
swing of h1 tap over PVT.

normalized ISF (Fig.20 (b)) of the DCMLC at 28 Gbaud rate
operation. The time range, during which the integral of the
curve is greater than 80% of the total integral of the ISF curve,
represents the sampling aperture of the DCMLC [30], that is,
the time range between t0 and t1 in Fig.20 (b). Therefore, the
sampling aperture of the proposed DCMLC is 15ps. t0 and t1
specify a valid timing window during which the input signal
can affect the output signal. The time 0 in Fig.20 represents
the falling/rising edge of the clock signal. Therefore, the Tsetup

can be considered as 3ps.
Substituting the simulation values of Tcq and Tsetup into (4),

the desirable requirement of Tset tle should be less than 6.11ps
(35.71–26.6-3). And the simulation result shows that the DFE
summer’s settling time with 95% settling is about 13ps with
about 35Ghz bandwidth of -3dB. However, it is noteworthy
to point out that the settling of the h1 tap has been already
started before the decision clock in the case of employing the
proposed DCMLC.

As demonstrated in Fig.21, taking the h1 tap in DFE 0P
slicer as an example, β1 is the DFE coefficient of the h1

Fig. 19. Simulated clock-to-Q delay of the DCMLC with distinct differential
output swing over PVT.

Fig. 20. (a) Simulated VM S (τ ) of the proposed DCMLC at 28Gbaud/s;
(b) Simulated ISF of the proposed DCMLC at 28Gbaud/s.

tap. When C0P is “1”, the DCMLC in DFE 0P slicer enters
the tracking mode, the DCMLC tracks the input data and the
tap data, the h1 tap data is from DFE 270P slicer (Fig.16),
the clock C0P and C270P have 2-UI overlap. Therefore,
the timing of the data decision is similar to that of soft-
decision [31]. Before the decision clock edge (the falling edge
of C270P), the DCMLC in DFE 0P slicer has already tracked
the h1 data (D-1 in Fig.21). That is, the h1 tap feedback current
has already taken effect before 0.5UI of the decision clock
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Fig. 21. Timing diagram of h1 loop in the quarter-rate DFE.

Fig. 22. Simulation results of the DFE at 56-Gbps with distinct DFE settings.
(a) Input eye diagram of the DFE; (b) Output eye diagram of the DCMLC
with all DFE taps disabled; (c) Output eye diagram of the DCMLC with
h1 tap enabled and others disabled; (d) Output eye diagram of the DCMLC
with h1, h2 taps, enabled and others disabled; (e) Output eye diagram of the
DCMLC with h1, h2, h3 taps enabled and others disabled; (f) Output eye
diagram of the DCMLC with h1, h2, h3, h4 enabled.

edge, which effectively reduces the timing requirement for
DFE summer settling. In addition, the settling of DFE summer
is carried out simultaneously with the DCMLC regeneration
process. Therefore, the h1 time constraint can be considered
as Tcq + Tsetup < 1U I , as shown in Fig.21. The h1 loop can
be closed at 56-Gbps PAM-4.

Even if Tset tle does not fully meet the h1 loop timing
constraint, as previously stated, as long as the feedback signal
is still within the sampling aperture (9ps after the clock edge),
the h1 loop can still be closed. But the situation will decrease
the DFE summing accuracy for the reason that the settling of
DFE summer is not completely accomplished.

To verify that the direct 4-tap DFE loops designed with
the DCMLC can be closed, we simulate the 4-tap DFE
at circuit-level. And the simulation results are presented
in Fig.22. As shown in Fig.22 (a), the input PAM-4 sig-
nal generated by two PRBS7 NRZ signals has been fil-
tered by a 0.6+0.2Z−1+0.1Z−2+0.05Z−3+0.05Z−4 channel.
Fig.22 (b)-(f) show the simulated eye diagrams at 56-Gbps
without/with DFE taps. It can be find that the eye-opening
further expands with h1, h2, h3, and h4 taps on, and the
eye-opening expands from 18mV to 80mV with h1 tap to
h1-h4 taps on.

IV. EXPERIMENTAL RESULTS

The receiver prototype chip is fabricated in 65nm CMOS
technology. Fig.23 (a) shows the measurement setup, the chip
is bonded on a PCB, where the 1/8 baud rate data, clock,
configure signal, and power supply are wire-bonded to the
PCB, and the half-rate input clock and full-speed different
PAM-4 data are AC coupled to the receiver chip through
the probe. A high-speed clock and pattern generator (Anritsu
MP1900A) generates the half-rate clock and PAM-4 data
signals (PRBS7) and transmits them to the chip through cables
and probes. The channel loss mainly consists of cables (6.5m
cable shown in Fig.23 (a)), which is measured to be 16.78dB
and 20.17dB at 10Ghz and14 GHz, respectively, excluding the
probe. One of the 1/8 rate differential data /clock is cabled
and AC coupled to a BERT (Tektronix BSX 320) for the BER
measurement. The others are AC coupled to the oscilloscope
(Keysight DSAZ594A) to monitor the recovered clock and
data signals.

Fig.24 (a) and (c) show the pre-channel eye diagram of
the 40-Gbps and 56-Gbps PAM-4 with a 1.2-Vppd setting,
respectively. The eye diagrams of the PAM-4 signal with
1-tap FFE equalization (0.6dB) of the pattern generator are
completely closed after the channel (Fig.24 (b) and (d)).

Fig.25 demonstrates the receiver performance measured
with the cable channel. Since there are no dedicated eye-
scan samplers, the eye diagram at the DFE sampling node
is obtained by scanning the DFE sampling clock phase, and
simultaneously scanning the thresholds of the data samplers
of the middle, upper and lower eyes. The non-linearity of
the PAM-4 eye diagram in Fig.25 is caused by various non-
idealities in the actual measurement environment, such as the
mismatch of channel mismatch, level mismatch of AFE path,
and mismatch between data samplers.

To verify the effectiveness of the direct DFE loops, the
BER bathtubs and four sets of BER eye scans in Fig.25
are measured by turning on and off DFE taps at 40-Gbps
and 56-Gbps, respectively. The progressively increasing eye-
opening and lower BER graphically verify the effectiveness of
direct 4-tap DFE. At 40-Gbps, as shown in Fig.25 (a) (only
CTLE is used) and (b) (with CTLE and 4-tap DFE), the
horizontal opening of the eye for BER = 1E-12 is improved
from 0.19UI to 0.38UI with the help of DFE taps. Also, the
minimal vertical opening of the eye for BER = 1E-12 at the
center is expended from 17 to 57, which is the difference
value of the DAC control code (linearly mapped to voltage).
And the 4-tap DFE coefficients are estimated to be β1=-0.03,
β2=−0.1, β3=-0.009, β4=−0.005, relative to β0. When
the receiver works at 56-Gbps, from Fig.25 (c) (only CTLE
is used) to Fig.25 (d) (DFE taps are enabled), more than
four orders of magnitude BER improvement is achieved.
And the DFE coefficients are estimated to be β1=−0.115,
β2=0, β3=−0.09, β4=−0.006. Moreover, the recovered
clock and data are measured at 1/8 baud-rate, as shown
in Fig.25 (g) and (h).

The chip micrograph is shown in Fig.23 (a), in which the
key building blocks are highlighted, including the AFE,
the 4-tap DFE with the proposed comparators, the CDR
logic and the data demultiplexer (CDR), the PI, the CML
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Fig. 23. (a) Measurement setup; (b) Power breakdown of the receiver.

TABLE II

PERFORMANCE SUMMARY AND COMPARISON

10ps274mV 108mV 10ps

7.14ps274mV 7.14ps108mV

Fig. 24. (a) Measured 40-Gbps PAM-4 data eyes before channel;
(b) Measured 40-Gbps PAM-4 data eyes after channel; (c) Measured 56-Gbps
PAM-4 data eyes before channel; (d) Measured 56-Gbps PAM-4 data eyes
after channel.

driver of 1/8 rate data and clock (tb_buf), CKBUFs, the
clock input path (clk_buf), and the voltage DAC (VDAC)
blocks. The total chip area measures 1.4mm × 1.6 mm.

The receiver consumes 266 mW at 56-Gbps for 20.17 dB
insertion loss, including high-speed local clock buffers and PI.
Fig.23 (b) details the power breakdown of the receiver, where
DFE and clock buffer consumes most of the power (85%).
A 4.75 pJ/bit energy efficiency is achieved at 56-Gbps.

The performance comparisons with the state of the art works
are summarized in Table II. The DFE in our work achieves a
lower power consumption than the DFE in [13], [32] designed
with the CMLC. Also, the DCMLC allows for a 4-tap DFE
relative to that in [13]. Compared with the DFE using SACs
in [7], the same data rate is realized in an old 65-nm process.
The power consumption of the direct DFE in the paper is
greatly reduced compared to that of the speculative DFE
in [10] fabricated in 7nm FinFET process. Moreover, better
power efficiency of the receiver is achieved relative to that in
[10], [32], [16], [5]. Compared with [7], the presented work
achieves the same data rate and stronger equalization in 65nm
CMOS process.
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Fig. 25. PAM-4 eye-diagram and BER bathtub curves. (a) Measured eye scan at 40-Gbps PRBS7 PAM-4 with only CTLE; (b) Measured eye scan at 40-Gbps
PRBS7 PAM-4 with CTLE and all DFE taps; (c) Measured eye scan at 56-Gbps PRBS7 PAM-4 with only CTLE; (d) Measured eye scan at 56-Gbps PRBS7
PAM-4 with CTLE and all DFE taps; (e) Measured BER bathtub curves at 40-Gbps; (f) Measured BER bathtub curves at 56-Gbps; (g) Measured 1/8 baud
rate eyes of recovered clock and data at 40-Gbps PRBS7 PAM-4; (h) Measured 1/8 baud rate eyes of recovered clock and data at 56-Gbps PRBS7 PAM-4.

V. CONCLUSION

A dynamic CML comparator is proposed and designed
to reduce the clock-to-Q delay of the conventional CML
comparator, which applies the dynamic logic technology to
realize the independent load resistance in the tracking and
regeneration mode of the CMLC. The proposed DCMLC
reduces the delay by 36% compared with traditional CMLC
and effectively solves the timing constraint of the first tap
in DFE. A quarter-rate PAM-4 receiver with 4-tap DFE,
employing the proposed DCMLC, benefits from the relaxed
settling time constraint with the reduced decision delay. The
prototype fabricated in the 65nm CMOS process achieves a
power efficiency of 4.75 pJ/bit at 56-Gbps over a channel with
20.17dB loss at Nyquist frequency, demonstrating an energy-
efficient PAM-4 receiver with 4-tap DFE.
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