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ABSTRACT High-speed wireline data transceivers (TRX) with analog-to-digital converter (ADC)
followed by digital signal processor (DSP) on the receiver (RX) equalizer became popular for applications
requiring >100-Gb/s per-lane data rate over long-reach (LR) channels, especially for datacenter
applications. With the digital-to-analog converter (DAC)-based transmitter (TX), including DSP-based
TX signal processing, the overall structure of DAC/ADC-DSP-based wireline TRXs became similar to
modulator/demodulator (MODEM). This article overviews DAC/ADC-DSP-based wireline transceivers
and analyzes their subblocks, such as analog front-end (AFE), DSP techniques, and their implementation,
focusing on the equalizer datapath. Recently published relevant articles are briefly reviewed, and insights
from prior arts are provided. TRX architectures for energy- and bandwidth-efficient DAC/ADC-DSP-based
TRX using modulation schemes beyond 4-level pulse amplitude modulation (PAM-4) are also reviewed and
discussed. In addition, hardware-based serializer—deserializer simulation and real-time emulation systems
for rapid architecture and design verification are reviewed.

INDEX TERMS 4-level pulse amplitude modulation (PAM-4), ADC-based RX, analog-to-digital con-
verter (ADC), DAC/ADC-DSP-based TRX, digital signal processor (DSP) equalizer, digital-to-analog
converter (DAC), equalizer, serial link, serializer—deserializer (SerDes), wireline communications, wireline
transceiver.

I. INTRODUCTION

HE INCREASING demands for datacenters and super-

computing platforms to support exponentially growing
artificial intelligence (AI) applications led to substantial
requirements not only on dedicated computing resources
but also on wired communication bandwidth. Large-scale
computing systems consisting of multiple server chassis
and racks may include various wired communications
systems, such as die-to-die (D2D) interconnects [1], [2],
chip-to-module links [3], backplane links, network switch
serializer—deserializer (SerDes), optical links, etc., as illus-
trated in Fig. 1. Examples can be Al accelerator systems
running applications based on large-scale neural networks,

such as a graphical processing unit (GPU) system from
Nvidia [4] and the Dojo supercomputer from Tesla [5].

While D2D links are typically implemented with simple
transmitter (TX) and receiver (RX) circuits with rela-
tively low per-lane data rate and high parallel order, e.g.,
< 32 Gb/s/lane [6], with 16 data lanes as shown in Fig. 2(a),
SerDes for high-speed long-reach (LR) applications, such as
network switch application-specific integrated circuit (ASIC)
or backplane links, requires a heavy equalizer chain split
into the TX and RX sides as shown in Fig. 2(b).

In networking-related high-speed wireline communi-
cations for datacenters, there exist many different
standards and protocols for various applications, such as
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FIGURE 2. (a) D2D link example and (b) high-speed LR SerDes datapath example
with analog RX equalizer.

Ethernet, peripheral component interconnect express (PCle),
Infiniband, etc., where data rate range from single-digit
Gb/s [7], to 128 Gb/s [8]. It is not cost-effective for
SerDes intellectual property (IP) providers to design each
IP separately supporting only one or two standards. Hence,
SerDes IP providers design multistandard SerDes IPs sup-
porting various communication protocols and data rates. For
example, a PCle Gen 6 SerDes IP may not only support
64-Gb/s 4-level pulse amplitude modulation (PAM-4) SerDes
but also 112 Gb/s with > 35-dB loss PAM-4 for 112G LR
Ethernet [9].

To support > 112-Gb/s data rate for LR channels, high-
speed wireline TRX underwent a major architecture change
around 2018. Generally up to 50-Gb/s per-lane data rate,
SerDes typically employed 2-level pulse amplitude modula-
tion (PAM-2) [also referred to as nonreturn to zero (NRZ)]
with analog equalizers [10]. These NRZ TRXs employ TX-
side feedforward equalizer (FFE), RX-side continuous-time
linear equalizer (CTLE), variable gain amplifier (VGA), and
multitap decision feedback equalizer (DFE) [11], [12], [13],
[14], [15], [16]. Meanwhile, research on PAM-4 SerDes was
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widely conducted to reduce the occupied bandwidth of the
signal as the data rate grew. An example is the 56-Gb/s
PAM-4 analog RX introduced in [17], [18], and [19]. While
the loop closure timing constraint of the first DFE tap
became more stringent with higher Baudrate as data rate kept
increasing, the process node miniaturization below 14 nm
made it attractive to implement a digital signal processor
(DSP) equalizer on the RX with Baudrate sampling analog-
to-digital converter (ADC) [20], [21].

The RX implementation with ADC-based DSP equaliza-
tion was researched even earlier [22]. As the performance of
time-interleaved ADC (TI-ADC) [23], [24], [25], [26], [27],
[28] became attractive to be used for ADC-based RX reach-
ing multiple tens-of GS/s of sampling rate, ADC-based RX
for 56 Gb/s PAM-4 started to appear [29]. For 112-Gb/s RX,
ADC-DSP-based RX architecture became popular thanks to
even more miniaturized digital-friendly process technology
nodes, such as 14nm, 7nm FinFET process [30], [31].
With the flexibility and high performance provided by
digital equalization, this trend has been continuing to 224-
Gb/s links [32], [33]. However, the stringent feedback loop
closure timing constraints in digital DFE limited the number
of DFE taps to mostly one, and exceptionally two [34].
The digital DFE design technique to overcome the limited
number of DFE taps in digital implementation, sliding-block
DFE (SB-DFE), was introduced in [35]. A loop-break DFE
(LB-DFE) technique of which aim is also breaking the
feedback loop to relax the digital DFE timing constraints
was introduced in [36].

In the analog front-end (AFE), taking advantage of similar
carrier mobility of nMOS/pMOS transistors in advanced
FinFET nodes, inverter-based CTLE [37] was employed in
some > 100-Gb/s ADC-DSP-based RX [30]. The tile-based
layout style of the inverter-based CTLE allows easier porting
of the design from one technology to another [32].

Some experimental DAC/ADC-DSP-based TRX architec-
tures have been explored as well. A prototype RX employing
discrete multitone (DMT) modulation at 56-Gb/s data rate
was introduced in [38]. Thanks to the computing-efficient
frequency-domain channel equalization, [39] demonstrated
2.9pJ/b energy efficiency at 56-Gb/s data rate. Further
studies on the performance comparisons and analysis were
conducted in [40] and far-end crosstalk (FEXT) cancella-
tion capabilities with DMT modulation were demonstrated
in [41]. A multicarrier RX front-end for jitter-robust base-
band ADC sampling was introduced in [42]. At the cost of
overheads coming from digital cross-equalizers for interchan-
nel interference (ICI) cancellation and up/downconverting
RF circuits, [42] could significantly increase the ADC’s
robustness to sampling jitter given target bit error rate (BER)
and channel loss.

Fig. 3 shows the high-speed SerDes evolution trend over
the past two decades with NRZ, PAM-4, and other modula-
tion schemes. Fig. 3(a) shows that the energy efficiency of
high-speed SerDes kept improving, which can be associated
with the used process node trend shown in Fig. 3(b).
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FIGURE 3. Wireline transceiver trend plot: (a) energy efficiency versus year, (b)
process node versus year, (c) data rate versus year, and (d) data rate versus energy
efficiency (data source: [43]).

Fig. 3(c) shows the data rate trend, where it is notable that
PAM-4 is widely adopted to most of the > 56-Gb/s links. It
can be noted from Fig. 3(d) that while the data rate became
more than x40 faster, energy efficiency is improved by less
than x4, which would lead to an overall increase in power
consumption in each SerDes lane.

In this article, the overall architectures and key charac-
teristics of recently published DSP-based wireline RXs are
explained and summarized. Section II provides background
knowledge on typical ADC-DSP-based RX architecture, and
introduces relevant prior-arts. Section III introduces some
recently published nonstandard experimental DAC/ADC-
DSP-based SerDes architectures and compares their pros and
cons with baseband PAM-4 SerDes. Section IV describes
various pretapeout high-speed SerDes (including DSP equal-
izers) verification methods and platforms. Section V briefly
discusses the design, optimization, and verification direction
of modern ultrahigh-speed SerDes systems considering
forward error correction (FEC). This article is then concluded
in Section VI

Il. ADC-DSP-BASED RX FOR >100-GB/S PAM-4

This section provides a brief overview of DAC/ADC-DSP-
based equalizer datapath. Then, key RX subblocks, such as
AFE, ADC, and DSP in modern ultrahigh-speed SerDes, are
explained with relevant published examples.

A. OVERALL ARCHITECTURE

Fig. 4 shows the overall block diagram of the DAC/ADC-
DSP-based high-speed wireline TRX system. To leverage
higher-order PAM and DSP equalization techniques enabled
by aggressive CMOS scaling, industries have been shifting
from analog TX to digital-to-analog converter (DAC)-based
TX architecture with 4-to-8-bit resolution [44], [45]. The
DSP-DAC-based TX [33] enabled efficient implementation
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FIGURE 4. Overall block diagram of DAC/ADC-DSP-based PAM-4 TRX.

of 6-to-8-tap FFE which would have required complex
circuit and control logic and heavy capacitive load due
to numerous driver segments with multitap FFE in ana-
log TX. The DAC-based TX provides high flexibility to
apply high-order PAM (PAM-4/6/8) with a digital parallel
finite impulse response (FIR) filter. To achieve broadband
impedance matching from near-DC to > 28 GHz and to
expand the TX output bandwidth by neutralizing parasitic
capacitances of electrostatic discharge (ESD) and pads,
the output network, including asymmetric T-coil [46], is
widely used, allowing stable matching with ESD and output
parasitics.

The RX AFE structure is typically similar to that of
analog RX. After the input network for broadband impedance
matching and bandwidth expansion, CTLE shortens the
pulse response reducing the number of important intersym-
bol interference (ISI) cursors. To adequately amplify the
CTLE output signal to fit the ADC input dynamic range
for maximizing the ADC quantization signal-to-noise ratio
(QSNR), a VGA is used with adaptive gain control [31].
For 112-Gb/s PAM-4 RX, the ADC is typically designed
with 7-bit resolution [32], while 6-bit ADCs are used for
224 Gb/s [47]. It is worth noting that various factors, such
as integrated thermal noise, residual interleaved sampling
skew mismatch after calibration, and the rank-1 sampling
clock jitter, limit the fundamental SNR of the ADC over a
wide range of input frequencies regardless of the designed
number of bits. While the performance analysis of the front-
end of modern RX is complicated, Fig. 5 shows how the
rank-1 switch sampling clock jitter contributes to the SNR
limitation on the high-frequency input signal (e.g., random
input PAM symbol stream with frequent transition).

While the gain and offset mismatch among slice ADCs
in the TI-ADC can be calibrated inside the ADC in the
analog domain [23], residual gain/offset mismatches are
calibrated in the DSP using an adder and a multiplier for each
slice ADC [31]. The interleaving timing skew calibration is
realized by implementing a programmable capacitor bank on
each sampling clock path for the rank-1 sampling switch.
Similar to the TX FFE, the RX FFE can also equalize pre-
cursors as well as post-cursors (Fig. 6). The DSP datapath
typically includes parallel FFE with up to 40-50 taps [32],
depending on the target applications. Thanks to the presence
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of the long-tap FFE that can effectively handle both pre-
and post-cursors, typically a 1-tap DFE is used for the first
post-cursor cancellation while the rest of post-cursors are
addressed by the FFE. The FFE and DFE tap coefficients
are adapted in the background using the least mean-square
(LMS) adaptation engine [31] so that the equalizer can track
the time-varying channel.

The TX FFE and RX FFE essentially serve similar
functionalities as FIR filters. The TX FFE for PAM-4 SerDes
can be implemented in a more area- and power-efficient
manner compared to the RX FFE because it requires only
2-bitx Nw Tx-bit multipliers, whereas the RX FFE requires
Napc-bitx Nw rx-bit multipliers, where Napc, Nw, Tx, and
Nw rx represent the number of bits for the ADC, the TX
FFE tap coefficients, and the RX FFE tap coefficients,
respectively. However, the TX FFE is limited by output peak-
power constraints, which restrict the implementation of long
taps and may lead to suboptimal output SNR characteristics.
In addition, the TX FFE has limited access to the end-to-
end channel response unless the response estimated by the
RX can be communicated through a back-channel, which
limits the background adaptation performance compared to
the RX FFE. Consequently, modern DAC/ADC-DSP-based
TRX architectures typically include a relatively short TX
FFE and a longer RX FFE.

Recently, with aggressive process node miniaturization
down to 3-nm FinFET, most-likelihood sequence estimation
(MLSE) implemented with the Viterbi algorithm is employed
in the RX DSP [32]. As the computing complexity of
the Viterbi decoder to implement full-state MLSE (FS-
MLSE) grows exponentially with the length of the sequence
and the number of possible symbol states in the trellis
diagram used in the Viterbi algorithm, efficient MLSE
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implementations by employing reduced-state MLSE (RS-
MLSE) are explored [48] for PAM-4 RX. The optimal
residual first post-cursor ratio to the main cursor was
experimentally explored in [32] for three different equalizers:
loop-unrolled DFE (LU-DFE), RS-MLSE, and FS-MLSE.
In [32], the RS-MLSE and the FS-MLSE each demonstrated
BER improvements of 8 times and 75 times over 1-tap DFE,
respectively. The RS-MLSE in [32] reduces its hardware
complexity by halving the computation of branch metrics
compared to the FS-MLSD, at the cost of approximately ten
times worse BER at 40-dB insertion loss. However, at 36-dB
insertion loss, the BER difference narrows down to around
two times, showing the potential for an area-efficient MLSE
implementation for moderate LR channels.

Since the RX FFE is a linear filter with high-pass
characteristics, it amplifies high-frequency noise along with
the signal. Reducing the equalization provided by the RX
FFE can help mitigate high-frequency noise amplification,
especially with the assistance of a DFE or MLSE. Having
more post-cursors canceled by a DFE would help in reducing
the amount of noise boosting by the FFE at the cost of
implementation complexity for the DFE of which tap count
is typically limited to one or two. With the help of longer
MLSE at the cost of even more hardware complexity, the
residual ISI can remain more in the FFE, which means that
the high-frequency boosting provided by the FFE can be
less, resulting in less noise amplification. Hence, distributing
equalization effort to the FFE, DFE, and/or MLSE remains
a design tradeoff.

With > 100-Gb/s RX becoming prevalent in industry
implementations, noise-induced impairment has become
increasingly dominant over insertion loss impairment,
prompting research on the noise cancellation techniques in
the RX DSP. In [49], a noise-canceling filter with optimized
coefficients is applied after the FFE output to reduce noise
power, demonstrating improved BER through simulation
results. The noise cancellation techniques utilizing both feed-
back and feedforward approaches, compatible with practical
DSP implementation, highlight the critical importance of
considering both channel loss compensation and effective
noise cancellation.

B. RECEIVER ANALOG FRONT-END
While conventional CTLE structure based on R, C source
degeneration is widely used in many SerDes applications,
including LR links, inverter-based CTLE implementa-
tion [30] is becoming popular in advanced CMOS process.
In conventional CTLE, the low-frequency gain can be
controlled by programming the degeneration resistor R,
and the peaking can be controlled by programming the
degeneration capacitor Cs, as shown in Fig. 7. Series passive
inductor resonates with the drain capacitance at the input
pair for output bandwidth extension.

The inverter-based implementation of the CTLE can be
implemented with an additive structure or with a subtractive
structure.
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FIGURE 7. CTLE circuit with programmable R, C source degeneration, and its
frequency response.

FIGURE 8. (a) Additive CTLE and (b) subtractive CTLE [50].

The additive implementation of CTLE shown in Fig. 8(a)
can be found in earlier literature [37]. When the input signal
is low frequency, the coupling capacitor C, that connects the
upper path and the lower path blocks the upper path from
the output node, hence, the resulting low-frequency gain can
be expressed as

Age e 22 (1)
8ml

As the input frequency gets higher, the impedance of C.
becomes smaller, and the upper path is more superimposed
to the lower path, resulting in higher gain if gmp > gmy. For
sufficiently high-frequency components in the input signal,
e.g., fin close to fNyq, Cc is almost transparent, and the gain

can be expressed as

8gml + &m2

2
28mi @

Apeak, max ~
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FIGURE 9. More commonly used inductors for bandwidth extension in the AFE for
> 112-Gb/s PAM-4 [47].

The CTLE implementation with subtractive structure can
be implemented as shown in Fig. 8(b). The upper path adds
the low-pass filtered signal with inverted polarity to the all-
pass filter. For low-frequency components of the input signal,
the effective gain of the CTLE is less than the lower-path
gain since the signal with inverted polarity coming from
the low-pass filtered path is added up to the all-pass filter
path [50]. For high-frequency components, as the upper path
filters out the signal with a low-pass filter, the effective
gain of the CTLE is equivalent to the lower-path (all-pass
filter path) gain without any signal to be subtracted from,
hence, the absolute gain is higher than that for low-frequency
input components. By implementing the amplifier cells, low-
pass filter, and loads shown in [30] by programmable gated
inverters, programmable complementary MOSFET switches
with capacitor bank, and active inductor [51], respectively,
the CTLE can be designed mostly by complementary PMOS
and NMOS with regular layout which is easy to port to
various process nodes [30]. By adding branches between the
shared input and output nodes, more fine frequency response
tuning, such as mid-frequency peaking, can be achieved for
long-tail post-cursor ISI cancellation [30].
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FIGURE 10. Rank-1 samplers (a) without isolating buffers and (b) with buffers.

As the data rate grows, the Nyquist frequency of
PAM-4 increases to 28 GHz with 112 Gb/s, and 56 GHz
with 224 Gb/s. The parasitic capacitances at each node
of CTLE and VGA have become non-negligible limiting
the amplifiers’ output bandwidth. Hence, inductive peaking
and capacitance neutralization have been more and more
applied to > 112-Gb/s PAM-4 RX AFE to push the
second pole as far as possible [47], as illustrated in
Fig. 9.

The choice of the interleaver architecture for the TI-ADC
is important considering the bandwidth and power consump-
tion of the AFE [23], [52]. The interleaver architecture can
be determined by parametric analysis sweeping variables,
such as the number of hierarchy interleaving order at each
hierarchy (typically 4 [53], 6 [30], and 8 [23]). The rank-
1 switch can be either buffered or nonbuffered depending on
the system-level performance requirement. For example, [31]
avoided using rank-1 buffer allowing interference between
switches that have overlapping tracking phase [Fig. 10(a)]
as the level of interference did not harm the overall
performance, while there exist cases [54] where overlapping
switches are isolated between overlapping ones [Fig. 10(b)].

With a lower-order rank-1 structure, the AFE output load
is relaxed while the rank-1 sampling clock frequency should
be higher, and with a higher-order rank-1 structure, the
clocking overhead can be relatively relaxed while the AFE
load increases requiring more current consumption [53].
Hence, the interleaver’s architecture should be co-optimized
with the CTLE and VGA [53], [55], [56].
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FIGURE 11. FFE implementation as a parallel FIR filter with a parallel order of
M = 64.

C. PAM-4 DSPS

The typical operation frequency of the RX DSP is around
1 GHz [31], [32]. It is worth noting that the DSP clock
frequency (CKpsp) is not necessarily the same as the sam-
pling frequency of the sub-ADC in the preceding TI-ADC, as
the TI-ADC output can be deserialized to relax CKpsp [30]
Practically all PAM-4 RX DSP in published literature include
FFE, which is simply a parallel FIR filter [57], as shown
in Fig. 11. As the FFE consists of one multiplier per tap
per path, K x M multipliers are required to implement a
digital FFE where K is the number of FFE taps and M is
the parallel order of DSP. For example, 1984 multipliers
are required to implement 31-tap FFE with 64-way parallel
DSP, occupying significant silicon area and consuming high
power.

More efficient FFE implementation was investigated
in [58] exploring approximate computing for FFE
multipliers. By approximating carry generate cells in the
partial product of a multiplier with an OR gate, 32.5 % area
reduction and 40.4 % of power saving were achieved in the
multiplier cells with negligible performance loss observing
the jitter tolerance (JTOL) curve. The FFE factorization was
explored in [54] finding common factors between parallel
FFE paths. At the cost of increased adder counts, the required
number of multipliers reduces, resulting in 30 % power
saving.

The DFE is a tricky part to design in high-speed DSP
RX. With the simplest implementation shown in Fig. 12,
the symbol-by-symbol feedback loop should be closed in 1
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FIGURE 12. Basic direct DFE structure with the first-tap feedback loop highlighted
in red, indicating the critical path.

FIGURE 13. LU-DFE chain designed for DSP implementation with a parallel order of
M = 64.

unit interval (UI), e.g., 17.8 ps with 112-Gb/s PAM-4. The
direct DFE cancels out the ISI by subtracting post cursors h;
from the FFE output (FFE[k], k is the discrete-time symbol
index) based on the previous decisions d[k — i], where i €
{1, ..., n} with n being the number of DFE taps. In practical
implementations, a digital DFE can be implemented as LU-
DEFE as shown in Fig. 13, avoiding tap weight multiplication,
where the critical path delay is then determined by the 4-to-
1 multiplexor (MUX) chain [59]. The precomputation part
of the LU-DFE can be operated in parallel, and the datapath
can be pipelined up to the input of the 4-to-1 MUXes. Hence,
the allowed propagation delay for a digital DFE chain can
be expressed as

Tck—Q + M x Ty—o—1mux + Tsu < Tck,Dsp 3)

where Tcx_q is the clock-to-Q delay of a register, M is
the parallel order of the DSP, T4_n—1Mux is a 4-to-1 MUX
delay, T, is the setup time for a register, and Tck psp is
the DSP clock period. The LU-DFE can be implemented
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FIGURE 14. 1-tap LA-DFE cell for PAM-4 with LF of 2 [36], [57].

FIGURE 15. Overall block diagram of LB-DFE (M = 64, LF = 8) [36].

with fully custom-designed 4-to-1 MUX chain for high-
speed operation [60], [61], [62], [63], [64], [65], or can be
synthesized with standard logic cells [30]. However, due to
the exponential growth of its area as the number of DFE
taps increases, designing more than 2 DFE taps for PAM-4
is impractical.

It should be noted that the DFE 1-tap feedback timing
constraint does not depend on the DSP parallel order. For
example, even if the DFE operates at half the frequency by
increasing the parallel order by a factor of two, the number
of MUXes in the feedback chain also doubles, where the
allowed delay per MUX is unchanged.

To relax the delay constraints on the MUX chain, the look-
ahead technique can be applied [59]. The implementation
detail of PAM-4 look-ahead DFE (LA-DFE) shown in
Fig. 14 can be found in [36], [59], [66], and [67]. The LA-
DFE can relax the MUX chain delay constraints at the cost
of the area that is linearly increasing with the look-ahead
factor (LF).
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TABLE 1. Summary of some recently published prior arts on >100-Gb/s wireline TRX with ADC-DSP-based RX.

FIGURE 16. Symbol decision propagation and SER along the DFE chain with high SER seed.

FIGURE 17. Cascaded SB-DFE for pre-cursor and post-cursor ISI reduction [68].

FIGURE 18. Trellis diagram of 1-tap FS-MLSE for PAM-4.

FIGURE 19. Overall architecture of a DMT TRX for high-speed wireline.

Another DFE design technique, LB-DFE, is introduced
in [36]. While the implementation details of LB-DFE can
be found in [36], the LB-DFE can break the DFE loop into

VOLUME 4, 2024

FIGURE 20. Simplified block diagram of a 2 x 2 MIMO DMT TRX for FEXT
cancellation.

FIGURE 21. Overall block diagram of frequency-domain PAM-4 equalizer data path.

several loop segments where all loop segments can operate
their DFE chain operation in parallel. Then, as shown in
Fig. 15, selection cells in the following stage take the correct
sub-LU-DFE results to the output with another MUX chain
but with the reduced number of chain lengths.
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In [35], a long-tap DFE design technique, called SB-DFE,
is presented. The SB-DFE utilizes the fact that the DFE
burst error length is limited (given the error probability).
As the propagation continues, the SER would converge to
that of a conventional A-tap DFE given the signal-to-noise
and distortion ratio (SNDR) condition and tap values, where
h is the number of history taps in SB-DFE. As shown in
Fig. 16, even if the DFE chain starts with a symbol with high
error probability, as the decision propagates, SER reduces
and converges.

Once the SER converges in the history block, the actual
symbol decision on the parallel FFE output can be performed
in the following DFE chain. The behavior of a sliding block
DFE starting with a SER converged through the history
blocks exactly follows the behavior of a conventional DFE.
The presence of the history block allows multiple sub-DFE
chains to operate in parallel, significantly relaxing the critical
path timing constraints in implementing a multitap DFE.
A large number of registers as well as a large number of
additionally required pipeline layers are the cost to pay where
both increase as the number of DSP parallel orders and the
number of history blocks for SER settling increase.

In [68], a pre-cursor canceling DFE is proposed extending
the concept of SB-DFE using two cascaded SB-DFE layers,
as shown in Fig. 17. In Fig. 17, Yp.x—1 are samples from
which the pre-cursors of ISI are compensated, where K is
the parallel order of the RX DSP. Then, the SB-DFE; with
multiple taps starts with Seed;, which has a relatively high
BER, to cancel out the post-cursors. Seed,, which has a lower
BER than Seed;, is used as the seed for the SB-DFE, that
cancels both the pre- and post-cursors, canceling IST without
noise enhancement. The first SB-DFE operates as described
in [35]. Then, the equalized output at the first SB-DFE layer
is assumed to exhibit a sufficiently low BER. The second
SB-DFE layer receives the equalized symbols from the first
SB-DFE as seed symbols, while the coefficients and delay
indices of the second-layer SB-DFE are set such that the
second-layer SB-DFE can cover Npe pre-cursors and Npos
post-cursors. Instead of receiving FFE outputs as the samples
to be equalized, the second-layer SB-DFE receives the ADC
output data and removes both pre- and post-cursors.

The inclusion of MLSE is widespread in advanced process
nodes. In [69], a 50-Gb/s ADC-based NRZ link with
MLSE was disclosed while implementation details were
not shown. Recently, numbers of > 100-Gb/s PAM-4 RX
included MLSE engines in their DSP to address aggressive
LR channels [32], [70], [71]. The MLSE engine determines
the symbol sequence with the lowest error probability,
typically implemented using the Viterbi algorithm. While
the Viterbi algorithm can be implemented using sliding block
architecture [72], it can be implemented in a more area-
and power-efficient way using the look-ahead technique [70].
MLSE computes the Euclidean distance for transitions by
combining the trellis diagram and state information, as
shown in Fig. 18, with the final symbol sequence determined
through a backtrace process that selects the path with the
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smallest cumulative distance at the final state. Increasing
the MLSE window length enhances the BER performance
by considering more potential sequence paths, but it also
significantly increases hardware complexity due to the need
to accumulate more transition results and perform more
extensive backtrace operations. As the PAM order increases,
the number of states grows exponentially, resulting in
higher memory requirements and more extensive transition
computations.

Unlike DFE, which makes decisions on a symbol-by-
symbol basis and can suffer from long error propagation,
MLSE processes the entire sequence of the window length,
substantially mitigating the error propagation issue. While
MLSE can still experience error propagation, it is less likely
to propagate error decisions given a partial response channel
as compared to DFE [73]. The reduced error propagation
probability makes the MLSE more attractive over DFE
for recent ultrahigh-speed wireline applications with high
raw BER that necessitate FEC which is sensitive to error
density. Recent work [74] on the implementation of on-
demand MLSE uses the MLSE engine only when an error is
detected, and it uses the DFE information for a more efficient
implementation of the MLSE engine. Table 1 summarizes
notable examples of recently published > 100-Gb/s PAM-4
SerDes with ADC-DSP-based RX.

lll. EXPERIMENTAL ARCHITECTURES

While PAM-4 has a bandwidth efficiency of 4b/Hz from
DC to fnyq» TRXs with more bandwidth-efficient modu-
lation schemes were explored. In [38], a 56-Gb/s DMT
RX with 2.9-pJ/b energy efficiency in 14-nm FinFET
was demonstrated, using quadrature amplitude modulated
(QAM) symbols with 64 constellations (64-QAM). Having
the element-wise multiplier array in the frequency-domain
equalizer (FDE) instead of time-domain convolution (e.g.,
FIR filter), the DMT RX DSP can be implemented in energy-
and area-efficient way even with the presence of the overhead
coming from the discrete Fourier transform (DFT) processor
that converts the time-domain input signal to the frequency-
domain (Fig. 19).

Due to the 12.5 % of bandwidth overhead caused by 4 taps
of cyclic prefix (CP) over 32 time-domain DMT samples,
the effective bandwidth efficiency of DMT signal in [38]
was reduced to 5Sb/Hz, which is still 25 % higher than that
of PAM-4. Detailed analysis of the single-lane DMT TRX
design space is provided in [76].

FEXT cancelation with multiple-input-multiple-output
(MIMO) DMT TRX using cross FDE is explored in [41]
(Fig. 20). By adding one complex multiplier cell per sub-
channel per aggressor, FEXT from neighboring aggressor
can be effectively canceled out. Experimental results in [41]
showed that more than 4 orders of magnitude better BER
could be achieved using MIMO DMT RX for a channel
having only 10 dB of main-to-FEXT ratio at fnyq. In [77], a
potential of DMT modulation with bit and power loading to
achieve a data rate of 400 Gb/s/lane was demonstrated with
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FIGURE 22. (a) Simplified block diagram of PAM-4 with CP and (b) visualization of
signals on the RX data path with four CP taps [80].

software-based signal processing and discrete DAC/ADC for
data transmission and recording.

A multicarrier RX with 5x 8-Gb/s PAM-4 per baseband
(BB) channel is shown in [42]. An 8-Gb/s baseband PAM-
4, a 16-Gb/s mid-band 16-QAM centered at 4 GHz, and
a 16-Gb/s high-band 16-QAM centered at 8 GHz are
combined together forming a tri-band 40-Gb/s hybrid BB/RF
signal. With increased PAM-4 symbol length at baseband
compared to a conventional single-channel wideband PAM-
4 at the same total data rate, the proposed TRX system
in [42] is more robust to sampling jitter resulting in better
SNDR performance for baseband data converters as well
as relaxing the DAC/ADC design complexity. The price to
pay is the required ICI-canceling cross FFE in the RX DSP
which requires additional power and area, where the DSP is
realized in software post-processing with recorded ADC data
in [42]. The RF upconverting and downconverting mixers,
local oscillator (LO) generators, and filters also contribute
to the increased design complexity.

Frequency-domain PAM-4 equalization was explored
in [78]. The Baudrate ADC samples the transmitted
PAM-4 signal partially equalized by CTLE. The rest of
equalization is mainly performed by the long-tap FIR filter
in the DSP domain similar to the conventional ADC-DSP-
based PAM-4 RX. The sampled data is transformed into
a frequency domain by a fast Fourier transform (FFT).
Then, similar to DMT RX DSP, element-wise complex
multiplication realizes equalization in the frequency domain,
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FIGURE 23. (a) Example of measurement setup using AWG and RTO to mimic TX
DAC and RX ADC, and (b) corresponding block diagram.

and an inverse FFT (IFFT) processor brings the equalized
samples back to the time domain. The overall DSP structure
is depicted in Fig. 21, where M is input, L is zero-padding,
and G is the coefficient of frequency-domain response.
Proper zero-padding and overlap-add circuits are required to
translate the cyclic convolution into linear convolution [78].
Such frequency-domain implementation of FIR filter can
dramatically reduce the area and power consumption of the
DSP, especially when the FFE tap count is very long, e.g.,
> 65 taps, as the FFT/IFFT with fixed throughput increases
its complexity in log-scale as the number of taps increases,
while the time-domain FFE increases its complexity linearly
with the number of taps [79].

Increased latency due to the FFT/IFFT processing is the
cost to pay for area-efficient implementation of long-tap
FFE.

Similar to [78], frequency-domain equalization of PAM-4
with CP implemented in 14-nm FinFET was presented
in [80]. It was assumed that there exists a set of frequency-
domain samples that will be transformed into a set of
PAM-4 samples in the time domain. Seeing particular sets
of time-domain PAM-4 samples as specific DMT symbols,
the rest of equalization could be done in a similar way as
a DMT RX, as shown in Fig. 22. This allows the PAM-4
RX DSP to be implemented in energy- and area-efficient
manner like in DMT RX DSP. However, the added CP is an
overhead reducing the bandwidth efficiency and makes the
system incompatible with existing PAM-4 TRX.
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FIGURE 24. lllustration of the DAC/ADC-DSP-based wireline TRX real-time hardware
emulation platform on RFSoC.

IV. PRETAPEOUT VERIFICATION METHODS FOR
DAC/ADC-DSP-BASED TRX ARCHITECTURE AND
DESIGN

As the DAC/ADC-DSP-based TRX becomes more and more
complex, including various equalizers, calibration/adaptation
engines, and test blocks, a detailed verification of the design
with sufficient performance and functionality checks prior
to ASIC tapeout is necessary. The failure of the design
would result in significantly delayed time-to-market and
increase the research and development cost. Simulation is
an efficient way to verify the design, however, ensuring the
performance at low BER (e.g., < 1077) and verification of
every functionality for large TX/RX DSPs in DAC/ADC-
DSP-based high-speed SerDes require significantly long
simulation time and computing resources. It should be
noted that SerDes modeling is different from verification
of the design with implemented circuits and RTL set. The
modeling can be efficiently and accurately performed by time
domain or statistical modeling [74], [81], [82], [83], [84],
[85], [86], while verification of the design typically requires
long simulation time due to the large netlist for sequential
simulation.

New DAC/ADC-DSP-based SerDes architecture can be
evaluated by equipment-based measurements prior to design
Table 2. Using a high-speed arbitrary waveform generator
(AWG) and real-time oscilloscope (RTO), the DAC and ADC
in TX and RX, respectively, can be emulated, as shown
in Fig. 23. Custom-designed discrete DAC and ADC with
on-chip memory can also be used instead of AWG and
RTO. The TX waveform can be created in a personnel
computer (PC) with software, and the sequence can be
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FIGURE 25. PAM-4 RX DSP implementation on the FPGA with custom AFE
board [87].

loaded to the DAC memory assuming that the sequence is
created by the TX DSP. Various channels can be modeled
using ISI and/or crosstalk boards. Discrete linear equalization
filter can be used as RX AFE, and the RTO can capture
a certain number of samples which will be offloaded to
the PC for software-based post processing to mimic RX
DSP. Examples of DAC/ADC-DSP-based SerDes research
and analysis based on discrete DAC/ADC (or AWG/RTO)
can be found in [84] and [85].

An FPGA-based dedicated PAM-4 SerDes simulation
system was introduced in [83]. The proposed system in [83]
basically does a similar job as a numerical software simu-
lation, but at much higher speed using hardware accelerator
implemented on FPGA. As the aim of the work in [83]
is not the implementation of TX/RX DSPs to be taped
out but accelerated simulation, the structure of implemented
DSP equalizers and CDR are not exactly the same as
those of actual DSPs for DAC/ADC-DSP-based SerDes. It
rather mimics the general functionalities of each subblock of
SerDes DSP with configurable parameters, with the aim of
performing accelerated simulation replacing purely software-
based SerDes simulation with analog waveforms expressed
as oversampled discrete samples.

Implementation of DSPs on FPGA for pre-ASIC proto-
typing is a traditional way of verifying DSP performance
and functionality. To verify the DSP designs for DAC/ADC-
DSP-based TRX with high confidence using FPGA, the
output of the TX DSP should be measured by observing
actual DAC output, and the RX DSP should be measured
with actual ADC samples. A DAC/ADC-DSP-based PAM-
4/8 SerDes real-time hardware emulation platform was
introduced in [84]. The proposed platform in [84] uses
ZU28DR RFSoC which includes 12-bit ADCs and 14-bit
DACs running at up to about 4 and 6.5 GS/s, respectively,
which also includes programmable logic (PL) on which
the DSP is implemented, as illustrated in Fig. 24. Running
the DAC/ADC at 3.2GS/s and by limiting the DAC/ADC
resolution to 8 bits with truncation in the DSP, the system
in [84] interfaced the data converters with the 64-way parallel
TX/RX DSPs running at 50 MHz implemented on PL. The
DSPs implemented on RFSoC are the actual TX/RX DSP
RTL sets that can be directly used for DAC/ADC-DSP-based
SerDes tapeout, where their performance and functionalities
are verified using the RFSoC-based platform at 6.4 Gb/s
(PAM-4) and 9.6 Gb/s (PAM-8) data rates. In [84], the

VOLUME 4, 2024



IEEE Open Journal of the

Solid-State Circuits Society

TABLE 2. Comparison of various wireline transceiver simulation and emulation method

s (data from [84]).

184] [83]

[81] [77] [82]

Platform RFSoC FPGA

MATLAB Data converters + MATLAB Equipments + MATLAB

Real-time DAC/ADC

Experiment type + FPGA processing

FPGA-based simulation

DAC7ADC capture
+ Software pre/post processing

AWGF/oscilloscope

Software simulation + Software pre/post processing

+ RX CTLE/FFE/DFE

Modulation PAM-4/8 PAM-4 NRZ BPSK*-t0-256QAM PAM-4, DMT
— Complex multipliers in
Equalizer TX FFE + RX FFE s dih Low-pass filter Complex multipliers frequency-domain (DMT),

in frequency-domain RX FFE/DFE (PAM-4)

Fastest:
6.4 Gb/s (PAM-4),
9.6 Gb/s (PAM-8)

Simulation/emulation speed (bits/s) Fast***

Slow##* Slow*#* (software-limited) Slow*** (software-limited)

Observed number of bits >1E9 N/A

N/A <2.2E5

Observed minimum pre-FEC BER 9.3E-10 1.4E-7

4E4
TE-4 (simulated),

1E-9 (extrapolated) 1E-6

8.6E-4

*BPSK: Binary phase shift keying, **AWG: Arbitrary waveform generator, *** Slow:

SNDR of the DAC/ADC is tuned by adjusting the TX/RX
amplitudes, and the end-to-end channel loss at fnyq are
emulated with a channel board exhibiting 17 dB of loss
at 1.6 GHz. The absence of the CTLE and VGA can be
considered as the limitation of the work in [84]. Using the
same platform based on ZU28DR RFSoC [41] demonstrated
real-time operation of a two-lane 2 x 2 MIMO DMT RX
with FEXT cancellation with 5-Gb/s/lane data rate, and with
15-dB effective insertion loss seen by the ADC, and 10-dB
main-to-FEXT ratio.

Prior arts [84], [85] focused on real-time functional and
performance verification of SerDes DSPs with tapeout-ready
RTL set together with DAC/ADC at reduced data rates due
to the speed limitations of the RFSoC DAC/ADC but with
sufficiently high loss and FEXT level at Nyquist. In [87],
a custom-designed AFE chip of which ADC can sample at
as high sampling rate as 56 GS/s at 8 bit is used at the RX
front-end, as illustrated in Fig. 25.

The ADC output data are streamed to off-chip using
the on-chip ADC output-driving TX array, where the GTY
TRX array in Xilinx VCU118 evaluation board received
the raw ADC output data. Then, the DSP for RS-MLSE
is implemented on the PL of VCUI118 at full speed.
One limitation of the system presented in [87] for SerDes
verification is the latency caused by the data transmission
on the ADC board and the GTY TRX data reception may
be significant, limiting the clock recovery loop bandwidth.
However, for the equalization datapath, the system in [87]
can provide realistic AFE performance and verification of
functionalities with the DSP which can be directly taped-out,
as long as the PL clock frequency can handle the required
DSP speed that can range from 400 MHz to around 1 GHz.

V. DISCUSSION

In recent wireline TRXs operating at over 100 Gb/s, not
only the channel insertion loss but also the impact of noise
has become significant, making it challenging to achieve
the target BER solely through equalization in the data
path. Consequently, FECs, such as Reed—Solomon code, are
more frequently employed by ultrahigh-speed TRXs, which
consume additional area and latency but enable achieving
a post-FEC BER of below 107!2. Given their strong error
correction capabilities, FEC schemes have become critically
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software, fast: FPGA-based simulation.

important in modern SerDes systems, where optimizing post-
FEC BER makes more sense than optimizing the system only
targeting the lowest pre-FEC BER. This is due to the fact that
the post-FEC BER strongly depends on the pre-FEC error
density, whereas lower pre-FEC BER does not necessarily
guarantee lower error density. Therefore, to improve post-
FEC BER, it is important to consider the statistics of pre-FEC
error density given the equalizers. Detailed analysis of the
pre-FEC BER and the post-FEC BER for modern SerDes
systems can be found in [88], and a hardware acceleration
platform that enables fast post-FEC BER analysis can be
found in [89].

In modern ultrahigh-speed SerDes, the complexity of
the DSP, the fabrication cost in advanced nodes, and
their design cost have been increasing over the years.
Hence, the importance of ensuring the functionality and
performance of the design before chip fabrication has
been more pronounced. Especially, considering post-FEC
BER optimization, hardware-based simulation acceleration
or emulation platforms can be more useful than software-
only simulation.

Doubling the data rate at a given modulation order also
doubles the required analog bandwidth. To enhance band-
width efficiency, higher modulation schemes like PAM-6/8 or
QAM-64/256 can be explored. However, as the required SNR
conditions to meet target BER become more stringent with
higher modulation orders, more advanced signal processing
techniques beyond conventional DSP equalizer chains are
needed. A noise cancellation technique, area- and power-
efficient FS-MLSE implementation for higher-order PAM,
and low-latency error correction techniques prior to the main
FEC can be examples.

VI. CONCLUSION

An overview of ADC-DSP-based RX datapath for ultrahigh-
speed wireline applications is provided. For > 100-Gb/s
per-lane data rate, it is clear that PAM-4 with ADC-DSP-
based RX architecture has become dominant. For the TX,
DSP-DAC-based architecture is optional, but is becoming
dominant over analog TX. While TX FFE, RX CTLE,
VGA, and DFE have long been the most popular equalizer
blocks from 10 to 112Gb/s PAM-4 MR SerDes, MLSE
started to be widely employed for 112-Gb/s LR applications.
For > 200-Gb/s links, PAM-4 with DAC/ADC-DSP-based
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architecture continues to be dominant, while keeping the
same modulation format for > 400-Gb/s/lane data rate
is questionable due to the excessive > 100GHz analog
bandwidth required for 400-Gb/s PAM-4. More complex
schemes, such as DMT with QAM or hybrid BB/RF
with PAM/QAM, are explored. While such experimental
TRX prototypes have demonstrated attractive performance
as forward-looking solutions, backward compatibility with
baseband NRZ and PAM-4 must be guaranteed. Recent
works on FPGA-based SerDes simulation acceleration,
ADC-DSP-based RX hardware emulation using a custom-
designed ADC board interfaced with FPGA at full rate, and
RFSoC-based DAC/ADC-DSP real-time hardware emulation
platforms are briefly reviewed. Such hardware-based simu-
lation and real-time mixed-signal emulation platforms will
be more needed as SerDes systems become more complex.
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