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Abstract—We present a 7-bit wireline digital-to-analog con-
verter (DAC), fabricated in 5-nm FinFET CMOS. The number
of source-series terminated (SST) cells in the output stage is
reduced to 34 by employing cells with relative weight 1 and
4. Each differential cell integrates two single-ended three-stage
8:1 return-to-zero (RZ) multiplexers with an integrated SST
driver and a clock pulse generator (CPG), which generates the
required clock pulses for the multiplexers from an eight-phase
clocking scheme. The clock buffers driving these cells feature
shunt inductors to reduce power consumption and jitter. At
150 GSa/s, the effective number of bits (ENOB) was measured to
be 4.1 b for a 72.8-GHz sinewave. The DAC consumes 621 mW
from a 0.9- and 0.96-V supply. Eye diagrams of 150-GBd NRZ,
PAM-4, and PAM-6 are demonstrated, pre-equalized using a
10-tap feedforward equalizer.

Index Terms—Digital-to-analog converter (DAC), FinFET,
PAM-4, PAM-6, serializer/deserializer (SerDes), source-series
terminated (SST), transmitter, wireline.

I. INTRODUCTION

HE explosive growth of artificial intelligence (AI) and
machine learning applications is driving an unprece-
dented increase in data center traffic. To meet the resulting
bandwidth demands, data center interconnects are evolving
toward ever-higher throughput, with Ethernet speeds progress-
ing from 800 Gb/s and 1.6 Tb/s today [l] to a projected
3.2 Tb/s by 2030 [2]. These rates are achieved by aggregating
multiple high-speed serial lanes. While adding lanes increases
total bandwidth, scaling the serial link rate is more desirable,
as it improves throughput density and energy efficiency [2].
Current deployments rely on 112 Gb/s (56-GBd PAM-4)
serializer/deserializers (SerDes), but the industry is rapidly
transitioning toward 224 Gb/s (112-GBd PAM-4) lanes [3]. To
support this evolution, SerDes architectures are increasingly
adopting DAC- and analog-to-digital converter (ADC)-based
designs [3], [4], [5], [6] and digital signal processing (DSP).
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The next milestone—400 Gb/s per lane—is highly chal-
lenging and demands innovations in both circuit design and
signal processing. DAC- and ADC-based designs can support
higher-order modulation formats such as PAM-6 and PAM-8
[71, [8], [9], which offer increased spectral efficiency compared
to PAM-4, thereby reducing the symbol rate at the cost
of increased signal-to-noise ratio (SNR) requirements. These
architectures also enable advanced DSP techniques such as
maximum likelihood sequence estimation (MLSE), which has
been shown to improve SNR by up to 3 dB for 224-Gb/s
PAM-4 [10].

Achieving 400 Gb/s per lane requires DACs with sig-
nificantly higher sample rates and analog bandwidth than
today’s 112-GSa/s PAM-4 DACs. Depending on the modu-
lation format, the required sample rate increases by a factor
of 2 (PAM-4), 1.6 (PAM-6), or 1.33 (PAM-8), assuming
similar forward error correction (FEC) overhead. Additional
challenges include maintaining low jitter, high ENOB.

This article presents a 7-bit DAC operating at 150 GSa/s in
5-nm FinFET CMOS, employing a three-stage 8:1 multiplexer
and a SST driver. The design achieves an ENOB of 4.1 b
at 72.8 GHz and demonstrates generation of 150-GBd NRZ,
PAM-4 (300 Gb/s), and PAM-6 (375 Gb/s) signaling formats,
paving the way toward 400-Gb/s lane rates. Compared to our
prior work [11], this invited paper provides a more detailed
architectural analysis, expanded circuit-level discussion, and
additional experimental results.

The remainder of this article is organized as follows.
Section II presents the overall DAC architecture and key
design decisions. Section III discusses the 128:8 serializer
and associated clocking. The implementation of the high-
speed data path is detailed in Section IV, showing clock pulse
generation, 8:1 serialization, and the output matching network.
Section V describes the employed resonant clocking scheme.
Experimental results are presented in Section VI, including
the frequency response and ENOB, eye diagrams, and jit-
ter measurement results, as well as static linearity. Finally,
Section VII offers a comparison with recent state-of-the-art
DAC:s and concludes the article.

II. DAC ARCHITECTURE
A. Overview

Fig. 1 shows the block diagram of the DAC operating at
a sample rate f; = 150 GSa/s. The DAC output stage is
segmented: the 5 least significant bits (LSBs) By, ..., By are
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Fig. 1. Prototype DAC architecture block diagram. Signals marked (p,n) are
differential.

binary scaled, and the 2 most significant bits (MSBs) are
implemented using 3 thermometer bits Ty, T}, T,. The binary
and thermometer bits of the samples are stored in an on-chip
static random access memory (SRAM), generating parallel
data at f;/128, which is subsequently multiplexed by the
128:8 mux, producing bit streams at f;/8.

The output stage comprises several cells, each imple-
menting the final 8:1 mux step and a SST driver. Slices
By and B; are constructed using a single and two paral-
lel 1-LSB cells, respectively. Similarly, the remaining slices
By, ...,B4, Ty, Ty, T, make use of one or more parallel 4-L.SB
cells. The differential outputs of each cell are bundled and
connected to the output bumps using a matching network
containing a T-coil to absorb the electrostatic (ESD) diode
capacitance.

The clock path starts with an external differential clock ref-
erence running at f;/8. After buffering, 8 phases are generated
using a tapped delay line, wherein each inverter has a tunable
delay set by a capacitive bank (coarse tuning). Each of the tap
outputs is further delayed and buffered by two inverters with
programmable load (fine-tuning). The eight clock phases are
subsequently sent to a duty cycle and skew correcting block.
These 8 phases branch to resonant clock buffers driving the
8:1 output stage cells, and the clocking of the 128:8 mux. A
phase rotator allows adjusting the timing of the data, in steps
of 1 unit interval (UI), relative to the output stage clock. The
subsequent clock dividers provide the necessary clocks for the
128:8 mux and the f;/128 clock for the memory.

B. Driver

The SST driver and current-mode logic (CML) driver are the
two main circuit topologies used in SerDes TX drivers [4]. The
basic single-ended SST driver, shown in Fig. 2(a), consists of
N multiple identical cells of which the outputs are shorted.
The individual digital inputs pull the corresponding node V,
up or down, and the resulting open-circuit output voltage
V, = Vbp Zn b, /N and output resistance Ry = (Ron + R)/N,
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Fig. 2. (a) Basic single-ended SST driver and (b) CML driver.

with Vpp the driver supply voltage and R, the transistor ON-
resistance. The circuit is straightforward to implement and
works seamlessly with preceding CMOS logic [4]. It also
provides enhanced ESD robustness because the linearization
resistor R attenuates the ESD pulse before reaching the
transistors [12]. When loaded with a resistance R; = Rou,
typically 50 Q, the single-ended peak-to-peak output swing
equals Vpp/2. Because the internal drain voltage V, goes rail-
to-rail, the driver supply voltage cannot be raised beyond the
transistor’s safe operating voltage Vi,.x [13], which ultimately
limits the single-ended swing to Vi« /2. Additionally, achiev-
ing a high linearity with an SST driver requires wide driver
transistors (their nonlinear ON-resistance R,, must be small
compared to the linearization resistor R), which in turn leads
to a high power consumption [4].

The basic CML driver, shown in Fig. 2(b), consists of multi-
ple cells steering current toward either output V,, , or V,, ,, both
terminated with a resistor. Because the drains are connected
directly to the output, CML drivers can support higher single-
ended output swings than SST drivers, as demonstrated in [3],
[4], but lack the enhanced ESD protection of SST drivers.
For the presented DAC, the SST architecture was selected
primarily for its implementation simplicity.

Another design choice is the DAC segmentation into cells
with varying weights. Using only 1-LSB cells leads to a
total of 127 cells, resulting in excessive output parasitics,
while implementing each slice with a single cell results in an
impractical 1:32 cell weight spread. Making use of two cell
variants, weighted 1 LSB and 4 LSB, all slices are constructed
by arraying one or more of these cells as illustrated in Fig. 1,
resulting in a total of 34 cells. In this design, both cell variants
employ the same SST transistor size; only the linearization
resistor is scaled to achieve a nominal 4:1 weight ratio. Apart
from implementation simplicity, this has the additional benefit
that the R,,C, time constant is the same for both cells when
the capacitance C, on node V, does not scale proportionally
to transistor size. Furthermore, weight tunability was added
to each cell to correct deviations due to PVT variation and
mismatch.

C. Clocking and Output Stage Serialization

DACS reach high sample rates by making use of multiphase
clocks, in which an N-phase clock runs at f;/N and the
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Fig. 3. Block diagram of 128:8 serializer and clock dividers.
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Fig. 4. Timing diagram of the 128:8 serializer and clock dividers.

final serialization step is N:1. Recent high-speed DACs have
commonly resorted to four-phase clocking, with only a few
adopting eight clock phases [3], [14]. On the one hand,
increasing the number of clock phases N reduces the clock
frequency, which in turn enables the use of higher-fan-out
clock buffers, reducing power consumption [4]. Additionally,
clock generation may benefit from a lower clock frequency.
On the other hand, increasing N adds more complexity to
clock routing and calibration. The bandwidth of the final
mux is another hurdle, becoming more severe with increasing
N. Eight-phase clocking has been selected for the presented
design, resulting in a clock frequency of 18.75 GHz.

III. LOW-SPEED SERIALIZATION AND CLOCKING

The low-speed 128:8 mux and associated clock dividers are
detailed in Fig. 3. For each slice, the data path comprises four
cascaded 2:1 mux stages, with the last three stages arrayed
per cell. The clock path is shared between all slices. Clock
buffers were omitted from the figure for clarity.

The output stage requires data inputs d8[1:8] to be stag-
gered in 1-UI steps. To avoid an explicit retiming stage, this
staggering is implemented within the preceding 128:8 mux
by clocking the 32:16 and 16:8 mux stages with multi-phase
divided clocks clk32[1:8] and clk16[1:8], respectively. The
multi-phase clk16[1:8] generator is implemented by dividing
one of the clk8” phases and subsequent retiming of the divided
clock with clk8'[1:8]. The clocks clk32[1:8] are generated
similarly from clk16[1:8]. From clk32[8], a single clk64 is
derived, from which a single clk128 is generated. Fig. 4 shows
the resulting timing relationship between the various clocks,
with 7.4 ¢ clock-to-output delay of the retiming flip-flops, and
tgiv the clock divider delay.

M,
q[6]
]\ﬂ/&j% clk8[5]
s

[t M:
I 1 | 2
il L in

clk8[5] clk8[1]  clk8[1]

=
Penl

]\Lu

q[6]
A [(é clk8[6]

clk8[1] [] higher VT: delay trailing edge 1-Ul pulse p (p)
clk8[2] [] higher VT: delay leading edge 3-Ul pulse q (q)
clk8[5]
vdd
—VTp clk8[2]
p[1] /
qle]
VTn
"""""" clk8[5]

cks(1] /. B
ck8s) \ S
cksle] [

pl1l
ael /.

Fig. 6. Clock pulse generator schematics, timing diagram, and 1-UI pulse
widening illustration.

The schematic of the 32:16 and 16:8 mux stages is shown
in the inset of Fig. 3. Making use of the basic single-latch
2:1 mux cell, eight interleaving channels k = 1,...,8 are
clocked with clk32[k] and clk16[k], respectively. The final 16:8
stage includes inverters to generate the complementary output;
these are placed ahead of the final 2:1 mux to minimize skew
between differential outputs. Fig. 4 shows the timing between
various clock and data signals, with f.q mux the clock-to-output
delay of the 2:1 mux cells.

To align d8 with the output stage clock clk8, a pro-
grammable phase rotator circularly shifts all clk8'[1:8] phases
by SHIFT =0, ...,7 Ul, implemented as shown in Fig. 3.

IV. HIGH-SPEED DATA PATH

The output stage consists of several cells, each incorpo-
rating 8:1 multiplexing with an SST driver. Fig. 5 shows
the block diagram of such a cell. A differential output is
generated by employing two single-ended muxes, driven with
complementary data inputs. Each cell also includes a CPG,
which generates the required pulses for the two single-ended
multiplexers from the 8 clock phases.

A. Clock Pulse Generation

Fig. 6 shows the schematic of the CPG, along with the asso-
ciated timing diagram. From the eight clock phases clk8[1:8]
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limitations. (a) Single-stage response to a pulse of width 7. (b) Pulse height
and width reduction after multiple stages.

with approximately 50% duty cycle, eight 1-UI pulses p[1:8]
and eight 3-UI pulses g[1:8] are generated, as well as their
complements p[1:8] and g[1:8], respectively. All pulses have
an 8-UI period and drive the first stage of the three-stage
8:1 mux.

Due to bandwidth limitations at the CPG output, as well
as in the subsequent mux, the 1-UI pulse will not fully reach
the supply (ground) before being pulled down (up) again 1 Ul
later, which results in a pulsewidth (measured at Vpp/2) less
than 1 Ul Pulse narrowing has been demonstrated in [15]
by means of simulation, but the following simplified model
aids in understanding the effect. Consider an inverting stage
which—when the input crosses Vpp/2—pulls the output high
or low with a time constant 7. Applying an input pulse with
width T yields an output pulse that has been reduced in height
t0 Aout = Vbp - (1 — ¢~ 7/7) and narrowed to a width of T,y =
T +1In(1 — e 7/7) - 7, as illustrated in Fig. 7(a). Applying the
same input pulse to a chain of these stages results in the pulse
shrinking in height and width increasingly as it progresses
through the chain, with the effect more pronounced for smaller
T /7, as shown in Fig. 7(b).

To counteract the pulse narrowing due to a limited band-
width at the output of the CPG and the mux, transistors Ms
and M7 have an increased threshold voltage V7 to delay the
trailing edge of the 1-UI pulses p[k] and p[k]. The mechanism
is illustrated in the inset: for a trapezoidal clk8 waveform with
rise and fall time Ty and a V7 increase of Ayr, the transition
is delayed by Tgew - Avr/Vbp.

As will be discussed in Section IV-B, the mux stages have
separate inputs to pull the output high or low. In the first mux
stage, the trailing edge of the 1-UI pulse p[k] (p[k]) will turn
off the NMOS (PMOS) pulling the output low (high), whereas
the leading edge of the 3-UI pulse g[k+ 1] (g[k+ 1]) will turn
on the PMOS (NMOS) pulling the output high (low). To avoid
excessive crowbar current in that stage, the leading edge of the
3-UI pulses g[k] and g[k] is delayed accordingly. To this end,
a higher Vr is selected for M, and M;. To comply with layout
rules, M4 and M also have a higher V7.

Finally, the drains of M, and M, (M} and M}) are shorted.
That does not affect the functionality, but it creates a stronger
pull-up (pull-down) for both p[k] and g[k] (p[k] and g[k]). In
the case of ¢[6], on the falling edge of clk8[2], both transistors
pull up the intermediate node, reducing that output’s rise time.
Three UI later, on the falling edge of clk8[5], the intermediate
node is already pulled up, reducing the rise time of p[1].
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Fig. 8. Transmission gate 8:1 mux driving an SST cell.

B. 8:1 Multiplexer

SST DACs commonly employ a 4:1 transmission gate
(TXG) mux to generate the full-rate bit stream driving the
SST stage [12], [16]. The presented DAC, however, employs
8-phase clocking and requires an 8:1 mux. In the following,
an 8:1 TXG mux implementation is discussed, emphasizing its
bandwidth limitations. A new three-stage multiplexer design
is then introduced, demonstrating improved bandwidth capa-
bilities. Finally, the performance of both designs is evaluated
and compared.

1) Transmission Gate 8:1 Mux: The familiar 4:1 TXG
mux architecture is readily modified to support 8:1 muxing,
by increasing the number of TXGs from four to eight and
supplying pulses p[1:8] and p[1:8] to the NMOS and PMOS
gates, respectively, as illustrated in Fig. 8. However, this
architecture does not scale well for increasing muxing ratios
N:1, due to the capacitive overhead at its output node V,
scaling proportional to N while the drive strength is that of a
single TXG, ultimately limiting achievable bandwidth at this
node. This is exacerbated by the TXG structure itself: both
the NMOS and PMOS transistors contribute to the capacitive
overhead, while the NMOS (PMOS) contributes less than its
counterpart to the TXG pull-up (pull-down) drive strength.
This combination of effects ultimately restricts the achievable
bandwidth at the output node, particularly problematic since
it carries full-rate data.

2) Three-Stage Return-to-Zero 8:1 Mux: The proposed
8:1 mux overcomes these drawbacks: by adopting a three-stage
design, the capacitive overhead on bandwidth-critical nodes
is reduced, and by employing RZ signaling, TXGs can be
replaced by a single NMOS or PMOS.

Each stage employs the basic block containing two NMOS
and two PMOS transistors, with their drains tied together and
individually driven gates, shown in Fig. 9. In its simplest form,
the NMOS and PMOS sources are connected to the ground and
supply, respectively, as shown in Fig. 9(a). To avoid excessive
crowbar current, the gate signals should be conditioned such
that no NMOS and PMOS are simultaneously activated. Then,
the output is pulled low (high) if either NMOS (PMOS) is
activated, unless none of the transistors are activated, in which
case the previous output is held. Alternatively, the NMOS
(PMOS) sources can be connected to data signals: the output is
then only pulled low (high) when the corresponding data signal
is low (high), resulting in a data-modulated output signal, as
illustrated in Fig. 9(b).

Fig. 10 shows the schematic of the proposed 8:1 mux,
employing this basic building block in each of its three stages.
In the first stage, the gates are driven by the 1-UI and 3-UI
pulses originating from the CPG, producing 1-UI pulses with
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either the NMOS or PMOS sources are connected to 8-UI

pl1]

pl5] Q v, Ry,
ql2] H
q[6]

K1 Rg K9 1

Fig. 11. Sizing of three-stage 8:1 RZ mux.

data, modulating the output pulses. Note that the data streams
d[1:8], generated by the preceding 128:8 mux, are staggered
in 1-UI increments, as shown in the timing diagram in Fig. 10.
This is done to avoid retiming in the output stage. Thus, from
pulses and data with 8-UI period, the first stage creates pulses
and RZ data with a 4-UI (symbol) period. The second stage
combines these modulated and unmodulated pulses to produce
RZ data with a 2-UI symbol period. Finally, the third final
stage merges these signals into a full-rate data stream on Vy.
By adding a series resistor at the output of the third stage, it
effectively serves as an SST stage.

Additionally, the last stage contains header and footer
transistors, controlled by the analog bias voltages V;, and Vy,,
respectively. For each slice, two on-chip DACs generate V,
and Vj,, shared among the constituting cells, to allow tuning
the slice weight. The maximal slice weight is obtained for
Vb,, = VDD and pr =0.

The same building block was used in the final SST stage of
[17], implementing 2:1 muxing, and [18], where it performs
the final 2:1 muxing step in a 4:1 mux. To the authors’ best
knowledge, this is the first implementation in which this block
is used for multiple stages.

3) Comparison: Fig. 8 shows a simplified circuit diagram
of a single-ended 8:1 transmission gate (TXG) mux driving
an SST stage. Let the transistors of the SST stage have unit
size, and those in the TXG have relative size «. Equal size for
NMOS and PMOS is assumed, as FinFET NMOS/PMOS beta
ratio is approximately 1 [8]. The resulting capacitance on the
critical node equals C = 16«kcp + 2¢cg, with ¢g and cp the
unit gate and drain capacitances. The mux represents a total
capacitive load of Cj, = 16kcg to the circuitry generating
the 1-UI clock pulses p[1:8] and their complement p[1:8].
The drive strength of the transistors is modeled by means of
an effective resistance [19], with r the effective resistance of
a unit transistor. Due to the abovementioned improved pull-
down (pull-up) drive strength of a TXG compared to an NMOS
(PMOS), the resulting drive strength of the circuit in Fig. 8
equals R = r/(kn), where 1 <n < 2.

Fig. 11 shows a portion of the RZ mux with annotated
relative device sizes «j - k2, k2, and 1 for stage 1, 2, and
3, respectively. By choosing x; = «x, = «, the inter-stage
nodes have the same time constant RC = 4rcp + rcg/k.
With 43 transistors in the first stage, the total capacitive load
presented to the clock pulse generators—for a single-ended
implementation—equals Cj, = 64 K cg.

For both mux architectures, the calculated 3-dB bandwidth
is plotted versus normalized input capacitance Cj,/cg in
Fig. 12, with cp/cgc = 1/4, n = 4/3, and 1/Q2rrcg) =
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Fig. 12. Simulated and calculated bandwidth versus normalized clock loading
for the 8:1 TXG mux and three-stage 8:1 RZ mux.

200 GHz. Additionally, the circuits of Figs. 8 and 11 were
replicated in simulation for various values of «. Static input
data, corresponding to a full-rate output 0101... pattern, was
supplied using ideal voltage sources as well as the required
clock pulses corresponding to a 150-GSa/s sample frequency.
The 3-dB bandwidth of each toggling node was calculated
from the magnitude of the signal component at f;/2, assuming
a rectangular pulse subjected to first-order low-pass filtering.
The resulting bandwidth was plotted versus normalized input
capacitance in Fig. 12, with ¢ = 2 fF.

With the selected parameter values, simulation results agree
reasonably well with calculated results. Note that, in the case
of the RZ mux, when « is very low, the first stage lacks
sufficient bandwidth to deliver adequate swing to the second
stage within the 1-UI timeframe of 6.7 ps. As a result, the
second-stage effective resistance exceeds the nominal value.
Consequently, the second-stage simulated bandwidth is lower
than predicted by the simple calculation model.

From both the simulated and calculated results, the band-
width limitations of the 8:1 TXG mux are evident. For the
same clock loading, a higher bandwidth can be achieved using
the RZ mux. The selected design point is annotated in Fig. 12,
corresponding to k; = k; = k = 1/2 which results in a
3-dB bandwidth of about 75 GHz according to this simplified
simulation. In the final design, «, was increased to 2/3
to overcome significant routing parasitics between stages 2
and 3.

While the reduced capacitive overhead on the critical nodes
of the RZ mux enables high bandwidths, a high power
consumption is required to reach the required bandwidth for
150-GSa/s operation. Moreover, due to a large number of
bandwidth-critical nodes, the layout is complex and signifi-
cantly burdened by routing parasitics.

C. Output Matching Network

Fig. 13(a) shows the layout of the output matching net-
work, containing a differential transmission line section, two
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Fig. 13. (a) Output network layout and (b) simulated differential-mode

transmission.
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Fig. 14. Resonant clock buffers.

47 um x 47 um T-coils, ESD diodes, and the output pads. The
ESD diodes have an equivalent capacitance of 90 fF. The
T-coils, each with an inductance L = 65 pH and coupling
coefficient k = 0.52, absorb this capacitance at their center
tap. The output matching network has a simulated 1.68-dB
differential-mode transmission loss at 75 GHz, as shown in
Fig. 13(b).

V. RESONANT CLOCKING

Fig. 14 shows a simplified schematic of the clock buffers
which drive the output stage cells. These cells represent a
significant capacitive load on each clock phase: C = 1.2 pF,
including interconnect capacitance. To achieve sufficient clock
swing with limited power consumption, resonant clocking
was employed: a shunt inductor placed in parallel with the
capacitive load allows current to circulate in the LC tank,
reducing the amount of current that needs to be sourced
from the clock buffer [4], [20]. Additional advantages include
bandwidth extension and a reduction in jitter originating from
the clock buffers or preceding stages, thanks to the bandpass
characteristic [4]. To this end, two parallel L = 240 pH
inductors were placed between each complementary pair of
clock phases, yielding a resonance around 19 GHz.

A series switch is placed in the center of each inductor,
normally closed for full-rate operation. Since the inductor is
driven by complementary clock signals, its center acts as a
virtual ground; thus, the parasitic capacitance of the switch
does not affect full-rate operation. For lower rates, one or both
switches can be opened to lower or remove the resonance fre-
quency, respectively. The resulting differential tank impedance
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Fig. 16. Layout of the switched inductor array, with Fig. 8 inductor (partial)
magnetic field cancellation illustrated.

Z4(f), simulated including post-layout parasitics, is shown in
Fig. 15. The Q-factor equals 2.0 when both switches are closed
and 1.8 when one switch is opened. The dominant contribution
to this damping is parasitic interconnect resistance, not the
switch on-resistance Ry, = 1.75 Q nor the inductor series
resistance.

The switched inductors are organized into two identical
arrays, which were symmetrically placed to the north and
south of the output stage. Fig. 16 shows the switched inductor
array, taking up an area of 210 pum x 225 um, with the
corresponding clk8 phases marked and the switches high-
lighted. To minimize the overall footprint, inductors associated
with different clock phases were placed in close proximity.
However, this compact arrangement introduces non-negligible
magnetic coupling between adjacent inductors, inducing phase
and amplitude offsets in neighboring clock signals. These
distortions manifest as interleaving spurs at the output and
necessitate clk8 skew correction. To mitigate crosstalk, the
inductors are drawn in a Fig. 8 pattern. Due to the opposing
current flow within the two turns, the resulting magnetic
fields (partially) cancel, reducing coupling between adjacent
inductors [21], [22], as illustrated in Fig. 16.

t A oSt 8:1.mux:
12576 mW 13074 mW

output stage:
265.50 mW

128:8 mux: 60,30 mW

158.40 mW

136.80 mW

(b)

Fig. 17. (a) Micrograph of the prototype die containing two DAC channels
and (b) single DAC channel power consumption breakdown.

VI. EXPERIMENTAL RESULTS

A. Prototype and Measurement Setup

The DAC was fabricated in a 5-nm FinFET process and
flip-chipped on an interposer on which the clock inputs and
high-speed outputs lead to RF probe pads. The fabricated pro-
totype die, consisting of two DAC channels, is photographed in
Fig. 17(a). The die size is 1.6 mm x 1.6 mm. Excluding mem-
ory, a single DAC channel occupies 0.23 mm? and consumes
621 mW from a 0.9- and 0.96-V supply. Fig. 17(b) presents
the DAC power consumption breakdown.

An external 18.75-GHz clock reference was applied using
a balun to the probed differential DAC reference clock input,
resulting in f; = 150 GSa/s. The differential DAC output
probe was connected via dc blocks to the remote heads of
a sampling oscilloscope. The losses of the interposer traces,
RF probe, cable, and dc blocks, connecting the DAC output
to the remote heads, were measured and de-embedded in
oscilloscope software. Foreground calibration was employed,
wherein the DAC generated multi-tone stimuli, the differen-
tial output voltage was captured, and the clock skews and
duty cycles were corrected using an iterative least-squares
algorithm.

B. Sinewave Spectrum

To evaluate the DAC amplitude response and ENOB,
sinewaves of various frequencies f; were generated. For each
frequency, a pattern of N = 1024 samples was stored in on-
chip memory and repeatedly applied to the DAC. Coherent
sampling was employed: fy = (M/N)f, was selected, with
M odd [23]. The oscilloscope waveform corresponding to the
de-embedded differential DAC output voltage was transformed
into the frequency domain, from which the signal power and
the combined power of noise and distortion up to the Nyquist
frequency f;/2 were calculated.

Fig. 18 details the spectra for a sinewave with the lowest
(0.15 GHz) and highest (72.8 GHz) applied frequency with
corresponding ENOB of 6.62 b and 4.11 b, respectively. Spurs
at multiples of the clk8 frequency (f = mf/8), skew spurs
(f = mf/8 £ fy), as well as the third harmonic (f = 3f
or f = f, £3 fy) are discerned. Combining the results of
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Fig. 18. Measured spectra for a sine with (a) fy

72.8 GHz.

) AL I A LA L L B B
5 0.0 ) ]
2 . ]
5 25} ]
& [

L [ i
2 —50 4
2 [ ]
% —7.5 | —¢— total ]
s [ —— ZOH :
§—10.0 _+ relative to ZOH &
g

—e— ENOB

—#— ENOB excl. skew and clock spurs |

ENOB [b]

10 20 30 40 50 60 70
signal frequency fy [GHz]

Fig. 19. Measured DAC amplitude response (top) and ENOB (bottom) versus
signal frequency fj.

the generated sinewaves leads to Fig. 19 showing the DAC
amplitude response and ENOB versus signal frequency fy. The
amplitude response is subdivided into a zero-order hold (ZOH)
response H(fy) = sinc(fy/f;) and additional loss. Relative to

= 0.15 GHz and (b) fo =

(©)

Fig. 20. Captured 150-GBd (a) NRZ, (b) PAM-4, and (c) PAM-6 with pre-
equalization and fixture de-embedding. Vertical scale is 80 mV/div.

|H(f)| [dBI

0 20 40
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(b)

60

Fig. 21. Applied 10-tap symbol-spaced equalizer: (a) impulse response h[n] =
[0.021,0.124,0.706, -0.110, —0.022, 0.021, —0.042, 0.039, —0.028, —0.005]
and (b) frequency response H(f).

the low-frequency amplitude (Voq,, = 594 mV), the highest
applied frequency fy = 72.8 GHz incurs a loss of 9.43 dB:
3.67 dB from ZOH response and 5.76 dB of additional loss.
The ENOB when excluding the power of the skew spurs and
clk8 multiples is plotted as well: at the highest applied signal
frequency fp = 72.8 GHz, the ENOB degrades from 4.49 b to
4.11 b due to skew and spurs.

C. Eye Diagrams

Fig. 20 shows eye diagrams for 150-GBd PRBS11 NRZ,
PAM-4, and PAM-6, which were pre-equalized by applying
in software a 10-tap symbol-spaced equalizer to the samples
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TABLE I
COMPARISON WITH STATE-OF-THE-ART PAM-4 DACS

[14] [24] [25] [5] [3] [6] [12] This work

Technology Snm 10nm 28 nm 3nm 3nm Snm 4nm Snm
Driver architecture CML & post-amp CML CML CML CML CML & post-amp SST SST
Sample rate [GSa/s] 160 112 100 112 112 106.25 72 150

Power supply [V] 0.6/0.94/1.2/1.8 0.85/1/1.5 N/A 0.75/0.9/1.2 | 0.75/1.1/1.5 0.65/0.94/1.2 0.95 0.9/0.96
PAM-4 bit rate [Gb/s] 279.2 224 200 224 224 2125 144 300
Power efficiency [pl/b] 0.90 1.88 4.63 0.92 1.00 1.33 2.00 2.07
Equalized eye swing [mVpp] 650 900* 300* 700" 960 780 410" 277
Core area [mm?] 0.597 0.088 0.30 0.1 0.1 0.28 0.047 0.23

*estimated from eye diagram
festimated from die micrograph

Fig. 22. Measured jitter generating an f;/2 = 75-GHz tone, showing 76-fs
rms jitter.

0.3 T T T
uncalibrate

calibrated ]

|
|

0.1

0.0 | |

INL [LSB]

—0.1

——
—_—

-0.2

—0.3

code [.]
(@

0.0 N UM

—0.1

DNL [LSBK]

—0.2

uncalibrated

—03F calibrated

0 16 32 48 64 80 9% 112 128
code [.]

(b)

Fig. 23. Static linearity measurements: (a) INL and (b) DNL.

stored in the on-chip memory. A voltage difference between
the highest and lowest level of 244.0 and 276.9 mV is reported
for NRZ and PAM-4, respectively. Fig. 21(a) and (b) shows
the impulse response and frequency response of the equalizer.

The random jitter on a f;/2 = 75-GHz clock signal
generated by the DAC was measured on the oscilloscope as
76-fs rms, as shown in Fig. 22.

D. Static Linearity

Static linearity measurements were performed by connect-
ing the DAC outputs to a 100€2 differential load, and measuring
the differential dc output voltage for static codes 0 to 127.
Fig. 23 reports static linearity measurements, showing an
integral nonlinearity (INL) between —0.32 LSB and 0.27 LSB
and a differential nonlinearity (DNL) between —0.31 LSB and
0.13 LSB without calibrating the cell weights. After correcting
the weights of each of the five LSB and three MSB slices by
adjusting the corresponding bias voltages V}, and V;,,, the INL
improves to between —0.15 LSB and 0.11 LSB and the DNL
ranges between —0.03 LSB and 0.04 LSB.

VII. CONCLUSION

A 7-bit wireline 150-GSaps DAC, fabricated in 5-nm Fin-
FET CMOS, was presented. It employs eight-phase clocking
and the output stage cells contain CPGs, a three-stage 8:1 RZ
mux and an SST driver. The clock buffers driving these cells
feature shunt inductors to reduce power consumption and jitter.

Table I compares the performance of the presented DAC
with state-of-the-art high-speed PAM-4 DACs. The proposed
design achieves a sample rate of 150 GSa/s—second only
to the 160 GSa/s reported in [l14]—and demonstrates the
highest PAM-4 transmission rate at 300 Gb/s. However,
the equalized eye swing of 277 mV,, is the lowest among
the compared designs, reflecting the swing limitations of the
SST architecture and the signal loss at 150 GHz. While most
CML-based DACs are more energy efficient, this work pushes
the sample rate significantly beyond the 72-GSa/s limit of
prior SST-based designs [12], while maintaining a comparable
energy efficiency of 2.07 pJ/b. The DAC has demonstrated
its capability across 150-GBd NRZ, PAM-4 (300 Gb/s), and
PAM-6 (375 Gby/s) signaling formats, paving the way toward
400-Gb/s lane rates.
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