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Abstract—This article demonstrates an 80-Gb/s/pin low-
voltage swing terminated logic (LVSTL) four-level pulse
amplitude-modulation (PAM-4) single-ended voltage-mode trans-
mitter (TX) in 28-nm CMOS technology for the high-speed
dynamic random access memory (DRAM) interface applica-
tion. To achieve the target data rate and compensate channel
loss, the pulsewidth pre-emphasis (PWPE) driver and a 4-tap
reconfigurable feed-forward equalizer (FFE) are used. The data
transition information for PWPE is acquired in the low data rate
region, and the pulsewidth is adjusted by a delay cell. PWPE
can extend the bandwidth without signal amplitude reduction.
The proposed TX achieves an eye opening with >26.9-mV eye
height, >0.16 unit interval (UI) eye width, >0.99 ratio of level
mismatch (RLM), and 3.06 pJ/b at 80-Gb/s PAM-4 signaling for
a 23! — 1 pseudorandom binary sequence (PRBS-31) pattern.

Index Terms— Feed-forward equalizer (FFE), four-level pulse
amplitude modulation (PAM-4), inter-symbol interference (ISI),
low-voltage swing terminated logic (LVSTL), memory interface,
pulsewidth pre-emphasis (PWPE), single ended, transmitter (TX),
voltage mode.

I. INTRODUCTION

ECENTLY, with the explosive development of artifi-

cial intelligence, deep learning, and high performance
computing, the demand for higher bandwidth dynamic ran-
dom access memory (DRAM) has surged. To address this
demand, DRAM interface bandwidth has increased steeply
based on single-ended I/O, which is of advantageous in
pin cost consideration. There are three primary methods for
increasing I/O interface bandwidth. The first method involves
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expanding the I/O pin count, as exemplified by high-bandwidth
memory (HBM), while this approach is relatively straightfor-
ward, the rise in I/O pin count is a significant burden on the
system cost. The second method focuses on elevating the data
rate per I/O pin. In particular, graphic DRAMs based on the
point-to-point channel configuration recently achieved 27-Gb/s
operation [1]. The third method involves accommodating more
than one bit of data per unit interval (UI). Utilizing a four-level
pulse amplitude modulation (PAM-4) signaling, it becomes
possible to transmit twice as much data per Ul compared to a
non-return-to-zero (NRZ) signaling.

PAM-4 signaling is widely adopted in modern interface
applications, such as GDDR6X [2], OIF-CEI-112 G, and
400GbE [3] standards despite its increased vulnerability to
inter-symbol interference (ISI) and —9.5-dB signal-to-noise
ratio (SNR) penalty compared to NRZ signaling. This adoption
is primarily due to the fact that with PAM-4 signaling, the
data rate can be increased by a factor of two compared
to NRZ with the same Nyquist frequency. Otherwise, for
the same data rate, PAM-4 enables operation at a lower
clock frequency within the chip, which can significantly
reduce the burden on internal block’s speed. In this article,
we present a transmitter (TX) employing PAM-4 signaling
with a single-ended voltage mode (VM) low-voltage swing
terminated logic (LVSTL) driver structure to achieve low
power consumption, high pin efficiency, and high bandwidth.
Additionally, to overcome ISI induced by channel loss, two
approaches can be categorized: pulsewidth modulation (PWM)
and pulse amplitude modulation (PAM). The PWM method
adjusts the pulsewidth based on the data pattern to overcome
ISI without eliminating it [4], [5], [6], whereas the PAM
approach, exemplified by feed-forward equalization, modifies
the pulse amplitude to remove taps generated by ISI [7].
While PWM is effective in NRZ signaling, it is less suitable
for high-speed PAM-4 signaling because PWM requires a
larger bandwidth in the data path compared to PAM [5], [6],
or it becomes challenging to maintain the level within the
threshold when consecutive data arrive [4]. Consequently, we
have opted for PAM and integrated a 4-tap reconfigurable
feed-forward equalizer (FFE). Since de-emphasis equalization
has effective equalization gain but inherently degrade SNR
as it reduces signal amplitude. The LVSTL driver structure
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Fig. 1. Overall architecture of the TX.

is more susceptible to this degradation than a high swing
driver structure, such as pseudo open drain (POD) structure.
To address this SNR degradation, we introduce a pulsewidth
pre-emphasis (PWPE) auxiliary driver. By hybridly integrating
PWPE and a reconfigurable 4-tap FFE, we can achieve band-
width enhancement with less SNR degradation. The prototype
TX, fabricated in 28-nm CMOS technology, achieves 80-Gb/s
operation with the energy efficiency of 3.26 J/b. Even in
an environment with a maximum —11.4-dB channel loss at
Nyquist frequency, the TX with the adjustable FFE can achieve
a stable eye diagram. This article is organized as follows.
Section II describes the proposed TX architecture, Section III
discusses detailed circuit implementation, Section IV presents
measurement results, and finally, Section V summarizes and
concludes this work.

II. TX ARCHITECTURE
A. Overview

Fig. 1 illustrates the overall architecture of the TX. An exter-
nal 10-GHz differential clock is received through a four-stage
active poly-phase filter (PPF) based on the CMOS inverter
structure. The generated quadrature clocks from the PPF
pass through a duty cycle correction (DCC)/quadrature error
correction (QEC) digitally controlled delay line (DCDL) and
a buffer and enter a 4:1 multiplexer (MUX). To ensure the
main and auxiliary driver timing matching, a T-tree clock
distribution is adopted. The clocks, divided by 2, are then
directed to a pattern generator, retimers, and an 8:4 FFE MUX.

In the pattern generator, a 23! — 1 pseudorandom binary
sequence (PRBS-31) or a user-specified 16-bit MSB, LSB
pattern is generated. The 16-bit data from the pattern generator
are converted into a 24-bit data by implementing a simple
2-bit binary to 3-bit thermometer encoder operating at octal
rate. Then, the transformed 24-bit thermometer data are then
encoded using the transition encoder, which detects transition
information, resulting in two sets of 24-bit data containing
up/down transition information. To ensure a timing margin
for the data and the clock at the 8:4 FFE MUX, the encoded
data pass through a retimer, followed by the 8:4 FFE MUX
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Fig. 2. (a) Block diagram of conventional FFE. (b) Frequency responses of
de-emphasis FFE with two taps.
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Fig. 3. (a) Block diagram of PWPE. Frequency responses of (b) pre-emphasis
FFE with pulsewidth and coefficient modulation and (c) pre-emphasis FFE
passing through an ideal low-pass filter channel.

and the 4:1 MUX. The serialized data drive the two-stacked
N-over-N driver. The output network is configured with an
ESD protection and a T-coil to mitigate bandwidth loss due
to the ESD diode capacitance.

B. Pulsewidth Pre-Emphasis

Fig. 2 presents a conceptual block diagram of a conventional
FFE and the frequency responses of a two-tap FFE depending
on the tap coefficients when FFE is used as de-emphasis.
As shown in Fig. 2(b), the frequency responses of the FFE
operating on a Ul-based system have a maximum compen-
sation point at the Nyquist frequency and boosting gain of
(1 + B)/(1 — B). Using FFE as de-emphasis provides efficient
boosting gain; however, it reduces signal swing, making it dif-
ficult to achieve sufficient SNR in lossy channels, which makes
bandwidth enhancement more challenging for single-ended
drivers in low-swing topologies. Fig. 3(a) illustrates the con-
ceptual block diagram of PWPE. The pulsewidth ratio of
pre-emphasis relative to 1 Ul is denoted as «, and the weight
of the auxiliary driver compared to the main driver is indicated
as B. The impulse response of PWPE is expressed as

h(t) =1+ B)s(t) — Bo(t —aT). (1)
The corresponding transfer function is
HEs) = - = (14 ) - peT". @
X(s)
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Fig. 4. (a) Block diagram of the transition encoder. (b) Example timing
diagram of the transition encoder output and the serialized encoder output.

The amplitude of PWPE frequency response can be deter-
mined as

|H(@)| = V1428 + B2 —2(1+ B)BcosawT. (3)

According to (3), the amplitude of PWPE frequency response
shows that it is a periodic function with a period of 2w /aT.
The amplitude reaches its first maximum value of 1 4+ 28 when
awT equals 7, or equivalently, the frequency equals fyquist/o-
It means that adjusting the emphasis pulsewidth allows for
changes in the compensation frequency range, while adjusting
the emphasis coefficient enables the control of equalization
gain.

Fig. 3(b) illustrates the frequency responses of PWPE with
three different emphasis pulsewidths and coefficients. The fre-
quency responses when pre-emphasized signals pass through a
lossy channel modeled with an ideal low-pass filter are shown
in Fig. 3(c). As shown in Fig. 3, PWPE method can provide the
optimal equalization by modifying the emphasis pulsewidth
and the coefficients according to the channel characteristics
without sacrificing SNR. This PWPE is employed in our TX.

After 4:1 serialization, obtaining transition information from
full-rate data can be achieved through AND or OR operation
between current and delayed data [8]. However, this approach
leads to complex timing matching between the main driver
data and the auxiliary driver data and may introduce additional
internal ISI. To maintain timing matching between the main
data and the pre-emphasis data while ensuring equalization
flexibility, we adopted the approach in which the transition
information is obtained from the front-end of the data path
through the transition encoder, as shown in Fig. 4(a). This
information is then used to drive the auxiliary driver with the
same structure and timing as the main driver.

To meet the timing requirements in the encoder, the neces-
sary D8prg[7] is acquired using a replicated delay clock from
the pattern generator to the thermometer encoder, ensuring
adequate setup time margin in the retimer. Fig. 4(b) provides
an example timing diagram for the transition encoder output
and the serialized encoder output. D§[0:7] and D8prg[7] are
encoded into D8gr[0:7] and D8g[0:7], indicating rising and
falling transitions, respectively. Each 8-bit parallel data are
serialized and enabled at the rising and falling transition points
of the main data, as illustrated in Fig. 4(b).
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Fig. 5. (a) Block diagram and (b) timing diagram of retimer.

C. 4-Tap Segmented FFE and 8:4 FFE MUX

Various FFE structures, broadly categorized into analog and
digital FFE, are used in high-speed serial TX to overcome
channel ISI. DSP-DAC-based digital FFE offers precise equal-
ization but requires multiple parallel structures, leading to
increased power and area. Although advancements in process
technology can alleviate this [9], [10], DSP-based solutions
encounter challenges in memory interfaces where latency is
crucial. Analog FFE, with its lower complexity, is well-
suited for memory interfaces, but fixed-tap structures may
lose energy efficiency with increasing ISI [11]. We have
opted for a segmented FFE in our TX implementation, which
adjusts tap numbers according to the channel to address this
issue [12], [13].

The retimer is employed to arrange the data, ensuring
an appropriate clock-to-data timing margin at the 8:4 FFE
MUX. The retimer is configured using latches, as depicted
in Fig. 5(a). The timing diagram between data and clock in
the retimer is illustrated in Fig. 5(b).

To create a 4-tap reconfigurable FFE, each segment driver
is designed to select specific taps. The fine coefficients of the
FFE are adjusted by the 5-bit ZQ code of each segment driver.

The configuration of the driver segment and data polarity
is managed within the 8:4 FFE MUX. The tap cursor of
each segment can be selected from pre-cursor to post-2 cursor
by tap select [1:0]. Fig. 6(a) illustrates the 4:1 selector for
4-tap FFE cursors and the 8:4 FFE MUX. The 8:4 FFE
MUX takes the retimed 8-UI data from the retimer, passes it
through a 4:1 selector to achieve the desired tap configuration,
determines the polarity via an XNOR gate, and performs
2:1 multiplexing. The configuration for the 4:1 selector cor-
responding to each tap is depicted in Fig. 6(b). Fig. 6(c)
illustrates an example timing diagram for the FFE config-
uration in both the pre-cursor and main-cursor modes. For
instance, when using one segment as a pre-cursor, as shown
in the lookup table (LUT) in Fig. 6(b), D8S[0] is determined
by Dg[1]. In the case of D8S[4], it is selected by DS8[5],
and these two data are combined through the logic circuit
with CK8j,p to obtain D4[0]. Similarly, CK8;,p is used
to serialize D4[0] and D4[1], while CK8q/op is used to
serialize D4[2] and D4[3]. On the other hand, when using one
segment as a main cursor, D8S[0] and D8S[4] are, respectively,
selected by D8[0] and D8[4], and the data can be serialized
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Fig. 6. (a) Block diagram of 4-tap reconfigurable 8:4 FFE MUX.
(b) 4:1 selector LUT for 4-tap FFE cursors. (¢c) Examples of timing diagrams
for pre-tap and main tap.

to obtain the main cursor’s data D4[0:3] without changing the
clock(CK8y18/q/qB) used for combining.

D. 4:1 MUX With Internal Feedback Equalizer

Fig. 7(a) describes the 4:1 MUX structure utilized in our
design. During the multiplexing process, the intermediate
NAND gate exhibits varying propagation delays depending
on the connection order, which results in pattern-dependent
deterministic jitter between signals closer to and farther from
the output. To mitigate this, we implemented a balanced
NAND gate structure, as depicted in Fig. 7(b). For multi-
plexing, both data and clock need to be connected to a
minimum of a two-stage series transistor. When high-speed
multiplexing is necessary, operating with a two-stage series
transistor structure at a rate higher than the quadrature clock
rate introduces internal ISI. To eliminate this internal ISI in the
4:1 MUX, we added an internal feedback equalizer to three
locations: D02, D13, and D0123 (multiplexing D02 and D13).
This equalizer is enabled only for the high-speed opera-
tions to minimize the power overhead. Fig. 7(c) and (d)
shows the simulated 40-Gb/s eye diagrams at the D1 node

IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 60, NO. 2, FEBRUARY 2025

10U 15Ul 20Ul 05U 1.0UI
(©) (d)

Fig. 7. (a) Block diagram of the 4:1 MUX with feedback equalizer.
(b) Schematic of the balanced NAND gate. Simulated 40-Gb/s PRBS-31 NRZ
eye diagrams at the D1 node (c) with feedback equalizer on and (d) with
feedback equalizer off.
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Fig. 8. (a) Block diagram of the 4:1 MUX used in the auxiliary driver.
(b) Simulated clock delay time versus bias voltage in the delay unit.

depicted in Fig. 7(a), illustrating the effects of the feedback
equalizer when turned on and off. Fig. 8(a) depicts the
4:1 MUX used in the auxiliary driver. The clock delay unit
utilizes a current steering delay cell, and the transition data can
be generated with a sub-UI pulsewidth through an AND oper-
ation in the 4:1 MUX. According to Fig. 8(b), the clock delay
can be adjusted to below 20 ps, but our PWPE can generate
the minimum pulsewidth of 20 ps due to the bandwidth limit
of the 4:1 MUX. This corresponds to 0.8 UI for 40 Gbaud.

E. Driver

DRAM applications utilize two major types of termination
logic, as depicted in Fig. 9. For GDDR6 and DDRS, the
P-over-N driver with POD termination logic and a VDD
of 1.2-1.35 V provides high swing. On the other hand,
LPDDR4X/5, designed for low power operation, employs the
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PAM-4 driver. (c) Operation based on the four levels of the two-stacked
LVSTL PAM-4 driver.

N-over-N driver with LVSTL at a VDDL of 0.5-0.6 V and
has low swing. To achieve low power operation, we adopted a
PAM-4 N-over-N driver structure utilizing LVSTL logic with
a 0.6-V VDDL.

Fig. 10(a) and (b) depicts the conventional PAM-4 driver
and our two-stacked PAM-4 driver structures, respectively.
In the conventional PAM-4 driver shown in Fig. 10(a),
impedance control codes and full-rate data are typically
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combined in a NOR-type pre-driver to adjust the output
impedance [14], [15], [16]. However, the NOR-type pre-driver
with a PMOS-stacked structure may induce ISI at the internal
node. To eliminate ISI at the internal node, we employed a
two-stacked structure of an N-over-N driver instead of using
a NOR-type pre-driver. The utilization of an inverter-type pre-
driver addresses the bandwidth limitation of the internal nodes,
ensuring effective impedance control without inducing ISI.
In Fig. 10(b), the internal structure of a single segmented driver
is illustrated, which comprises drivers A—C. Each driver shares
identical structures and operates based on the corresponding
thermometer code [D4py,/ppy_(a/B/c)], derived from the trans-
formation of MSB and LSB data, followed by serialization in
the 4:1 MUX. Each level’s operation is illustrated in Fig. 10(c).
In the driver’s data path, quarter-rate data [D4py/pp)_a/B/0)]
are supplied to the pull-up and pull-down drivers in opposite
signs. Similarly, the impedance control code is divided into
pull-up and pull-down codes for each of A-C cases, with
a resolution of 5 bits for each (ZQpu,pp)_a/B/c)[4:0]). The
calibration of each thermometer-encoded ZQ code enables
simultaneously achieving both 50-2 impedance matching and
ratio of level mismatch (RLM) control [17]. The overhead of
series resistance and parasitic capacitance, caused by the two-
stacked PAM-4 driver structure, is minimized by adjusting the
transistor size ratio of the driver to 3:1.

F. Quadrate Clocking

There are two widely used clocking and serialization
schemes: half-rate clocking with a 2:1 MUX and quadrate
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Fig. 13.  Simulated (a) I/Q phase difference of PPF and calibration range of (b) DCC and (c) QEC with respect to 5-bit DCC/QEC control code.

clocking with a 4:1 MUX. In the context of clocking, half-
rate clocking only needs to manage the duty cycle error,
reducing the burden of error calibration. However, due to the
high clock rate, half-rate clocking is susceptible to clock-
ing jitter and faces challenges in achieving a significant
fan-out, resulting in reduced energy efficiency for clock
distribution.

Fig. 11(a) illustrates the CMOS buffer bandwidth estima-
tion method. A single-bit pulse is applied to the fan-out of
two (FO2) CMOS inverter chain, and the output pulsewidth
is measured at half VDD. The frequency at which the output
pulsewidth decreases relative to the input pulsewidth can be
determined as the CMOS buffer bandwidth. This is because,
in the presence of clock duty cycle distortion, duty cycle
distortion is amplified at that frequency [18]. Fig. 11(b)
illustrates the pulsewidth ratio for each frequency. If an
FO2 or a lower fan-out CMOS buffer chain is used, energy
efficiency drops sharply. As seen in the simulation results
in Fig. 11(b), the bandwidth of the 28-nm CMOS inverter
buffer is about 14 GHz, leading us to adopt quadrature
clocking with a 4:1 MUX scheme instead of half-rate clocking.

Fig. 12 illustrates the clock distribution and detailed cir-
cuitry. The external differential clock is received with a
50-Q2 termination resistance for impedance matching. The PPF
is based on CMOS inverters. Four-stage identical PPFs are
used for quadrature-phase clock generation [19]. Fig. 13(a)
shows the simulation results of the frequency operating range
of a four-stage PPF. According to the simulation results,
the operating range of this PPF is from 6.5 to 18 GHz.
The DCDLs for both DCC and QEC are configured with
a 5-bit digital code. Their adjustment capabilities are shown
in Fig. 13(b) and (c).

Fig. 14 shows the DCC and QEC calibration loop. The
DCC calibration uses the 3300 data pattern representing the
I-phase clock and the 0033 data pattern for the inverted I-phase
clock. Both data patterns pass through the output pad and a
low-pass filter. Subsequently, the average output values reflect
their duty cycles, respectively. If there is a difference in duty
cycle values between the I-phase clock and its inverse, the
DCC DCDL adjusts the duty cycles to make their average
value equal. Following the I-phase clock DCC calibration, the
Q-phase clock and the inverted Q-phase clock DCC calibration
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(a) Die photograph. (b) Measurement setup.

Fig. 15.

is performed with the 0330 and 3003 data patterns. After the
DCC calibration, the QEC calibration begins. The 3030 and
0303 data patterns represent the I/Q-phase clock inform, and
the difference in the average value of these two data patterns
indicates a quadrature phase error. If the difference is positive,
the QEC DCDL adjusts the I-phase clock to be slow or
the Q-phase clock to be fast. While DCC/QEC calibration
loops are implemented with comparator, counter and FSM
in [20] and [21], our implementation is based on the external
comparison with an inter-integrated circuit (I12C).

III. MEASUREMENT RESULTS

The TX chip is fabricated using 28-nm planar CMOS tech-
nology. The chip photomicrograph is shown in Fig. 15(a). The
TX core area is 0.045 mm?. Fig. 15(b) shows the measurement
setup. The Anritsu MP1800A clock signal source is introduced
to the chip via RF probes as the differential clock signals. The
TX output signals are connected to the Keysight MSOV334A
via RF probes. Fig. 16 shows the measured quadrature
clock eye diagrams before and after DCC/QEC calibration
at 72-Gb/s data rate. With DCC/QEC calibration, the worst
quadrature error decreases from 3.6 to 0.3 ps at 36 Gbaud
rate. Fig. 17 shows the measured RLM after adjustment using
the three-point ZQ calibration method reported in [17]. Fig. 18
shows the measured pulse responses of the TX with ESD and
the TX without ESD, as well as the derived channel insertion
losses. The channel insertion loss for the TX without ESD
exhibits —4.79 dB at 20 GHz, while for the TX with ESD,
it shows —6.14 dB at 18 GHz. Fig. 19(a) and (b) displays the

Block diagram of the DCC/QEC calibration path and DCC/QEC calibration details.

(b)

Fig. 16. Measured quadrate phases using clock patterns at 72 Gb/s (a) before
and (b) after calibration.

Fig. 17. Measured RLM after PAM-4 level adjusting at 20 Gb/s.
10 o 0 —— 4.79dB
[ —  wo T-coil & ESD ——s. -4.79
g — with T-coil & ESD % 4 ~=- @ 20GHz
o 7]
i S -6.14dB .\_
§0s5 3 -8 @18GHz
g £ |- wo T-coil & ESD
= £-12 BT | .
S o with T-coil & ESD
z
00 ] 0.15 0 5 10 15 20 25
Time [ns] Frequency [GHz]
(a) (b)
Fig. 18. (a) Measured pulse responses and (b) insertion losses derived from

measured pulse responses at 40 Gb/s without ESD and 36 Gb/s with ESD.

measured eye diagrams of a PRBS-31 pattern without and with
ESD protection. The eye diagrams of a PRBS-31 pattern, with
and without ESD protection, are shown in Fig. 19(a) and (b).
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TABLE 1
COMPARISON TABLE OF THE STATE-OF-THE-ART TX
[10] [17] [22] [13] [23] [24] This Work
Technology 10nm 65nm 14nm 40nm 40nm 28nm 28nm
Supply(V) 0.85/1.0/1.5 1.0/0.6 1.2 1.0/1.2 1.0/0.6 1.2 1.0/0.6
Data rate per
o () 112 28 64 56 32 60 80
Sienalin Differential Single-ended Differential Differential Single-ended Single-ended Single-ended
ghating PAM-4 PAM-4 PAM-4 PAM-4 NRZ PAM-4 PAM-4
Driver tvpe CML VM CML VM VM VM VM
vertyp (LVSTL) (tailless) (SST) (PN-over-NP) (LVSTL) (LVSTL)
Equalization 8-ta 2-tap 3-taj 4-tay Capacitive 2-tay 4-tap + PWPE
q P asymmetric P P Peaking P P
Clock source On-chip PLL External External On-chip PLL External External External
Output 1.0 0.3 1.0 1.0 03 0.6 0.3
swing(V)
RLM 0.99 0.99 0.99 0.98 N/A 0.98 0.99
Energy
efficiency 1.88 0.64 1.3 3.89 0.51 1.67 3.1
(pJ/bit)
Area(mm?) 0.088 0.03 0.048 0.56 0.005 N/A 0.045
1.0 0
® . . o —=— 80-inches
g oo 24 ~ 120inches
o [
o Z K
: .g 0.5 3 -8
1 0.24 U[‘ 27mV g <
bps . 5 512
- g
- — L. 0'%.0 0.2 0 5 10 15 20 25
" . Time [ns] Frequency [GHz]
Main - Main -
Plf[;:,B,C]:[lOO,lOO,lSS], PUa[IR,B,C]:[IOO,IOD,ISS], (a) (b)
PD[A,B,CJ:[155,155,155] PD[A,B,CJ: [155,155,155] ) ) ) . ‘
PWPE - None PWPE -  : 0.8U1, B: 0.2 Fig. 20. (a) Measured pulse responses and (b) insertion losses derived from

Main-

PU[A,B,C]:[100,100,155],

PD[A,B,C]:[155,155,155]
PWPE- None
()

(b)

021 Ul“ 32my T

31mV

; 0.23 Ul
5.56ps -

0.17 Ul

31mV
9 R
Main-

PU[A,B,C]:[100,100,155],
PDI[A,B,C]:[155,155,155]

PWPE- ot : 0.8Ul, 8:0.2

(d)

Fig. 19. Measured eye diagrams at 80 Gb/s without ESD (a) without PWPE
and (b) with PWPE. Measured eye diagrams at 72 Gb/s with ESD (c) without
PWPE and (d) with PWPE.

Without ESD protection, the TX achieves up to 80 Gb/s, while
with ESD protection, it reaches up to 72 Gb/s due to ESD par-
asitic capacitance effects, with eye openings of 27 mV/0.16 Ul
and 31 mV/0.17 UlI, respectively. Through Fig. 19(c) and (d),
we can confirm that the eye opening is effectively improved
without reduced signal swing by the proposed PWPE. Fig. 20
illustrates the normalized pulse responses and derived total

measured pulse responses at 28 Gb/s with 80- and 120-in cables.

channel responses of the measured 80- and 120-in cables.
These results indicate that the 80- and 120-in cables exhibit
the losses of —7.32 and —11.44 dB, respectively, at the
Nyquist frequency of 14 GHz for 56 Gb/s. Fig. 21(a) shows
that, without equalization, the eye is closed at a channel loss
of —7.32 dB. Fig. 21(b)—(e) presents the measured equaliza-
tion performance of the TX using either the reconfigurable
FFE alone or both the reconfigurable FFE and PWPE to
compensate for the two channel loss conditions at 56 Gb/s.
Comparing Fig. 21(b) with (c) and Fig. 21(d) with (e) shows
that utilizing both PWPE and reconfigurable FFE results in
larger eye openings than using only the reconfigurable FFE
for channel equalization. Notably, in Fig. 21(e), even when the
tap cursor and coefficients are set to minimize ISI, the signal
becomes excessively attenuated, resulting in an eye opening
below 1 mV. Fig. 22 provides a detailed power breakdown at
80-Gb/s data rate. When the measured power is compared with
simulation and estimated for each block, 4:1 MUX consumes
the largest portion of power (133.9 mW), followed by clock
distribution (43 mW), 8:4 reconfigurable MUX (33.5 mW),
and pattern generator with encoders (31.7 mW).
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—
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8
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- —
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120-inch cable
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PWPE - None

Fig. 21. Measured 56-Gb/s PAM-4 eye diagrams at 80 and 120 in (a) 80 in
without FFE and PWPE, (b) 120 in without FFE and PWPE, (c) 80 in with
FFE only, (d) 80 in with FFE and PWPE, (e) 120 in with FFE only, and
(f) 120 in with FFE and PWPE.

8:4 MUX
(13.6%)
Driver Clock distribution
(1.9%) (17.6%)
Encoder
(4.4%)
~—  Pattern
Generator
/ (6%)
Retimer
(2.5%)
4:1 MUX
(54%)
Fig. 22.  Power breakdown at 80 Gb/s.

Table 1 summarizes this chip performance compared
with recently published state-of-the-art TXs. Our work
achieves 80-Gb/s/pin single-ended TXs with moderate energy
efficiency.
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IV. CONCLUSION

A single-ended VM 80-Gb/s PAM-4 TX in 28-nm CMOS
technology is reported. The TX employs two types of equaliz-
ers: PWPE and 4-tap reconfigurable FFE. In PWPE, transition
information is encoded in the low frequency, which mitigates
such issues as internal ISI and data skew between drivers.
By combining PWPE and segment FFE, the SNR degradation
in the low-swing driver topology is minimized. It is expected
that our approach can be very effective for any high-speed TXs
employing LVSTL, which typically have small output swing.
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