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Abstract—In this article, a 4 100 Gb/s/pin single-ended
four-level pulse amplitude modulation transmitter (TX) is demon-
strated in 28-nm CMOS technology. The transmitter employs
a novel clock-distortion compensation technique in which pre-
coded data enables on-chip self-calibration of the quadrature
clock, eliminating data path mismatch, clock distortion, and
monitor path o set. In addition, it enables background tracking,
maintaining clock quality during data transmission. The four-
channel TX achieves a data rate of 100 Gb/s/pin with a total
power consumption of 447.6 mW, corresponding to the energy
e ciency of 1.12 pJ/bit.

Index Terms—Transmitter (TX), four-level pulse amplitude
modulation (PAM-4), high-speed 1/O, feedforward equalizer
(FFE), duty cycle correction (DCC), quadrature phase error
correction (QEC), memory interface, single-ended, voltage mode,
calibration.

I. INTRODUCTION

HE rapid advancement of computing performance for

artificial intelligence is creating a growing demand
for high-bandwidth interface circuits. In particular, dynamic
random-access memory interfaces have adopted multi-channel
architectures and multi-level modulation schemes to increase
aggregate bandwidth. Four-level pulse amplitude modulation
(PAM-4) has been introduced to overcome bandwidth limita-
tions by transmitting two bits per symbol, thereby improving
bandwidth e ciency without increasing the symbol rate
or clock frequency [1]. Furthermore, single-ended signaling
e ectively doubles the usable input/output (1/0) bandwidth
compared with di erential links for the same number of data
lanes, enhancing throughput density at a given pin budget
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while reducing per-lane Nyquist bandwidth requirements [2].
In addition to signaling innovations, increasing the number
of parallel 1/Os remains the most direct approach to boosting
data throughput. Higher throughput also increases power con-
sumption and scaling the number of 1/0s further exacerbates
power consumption and design complexity, particularly in
clock-distribution circuitry. To reduce power consumption and
clock-distribution complexity, quarter-rate clocking has been
widely adopted in place of half-rate clocking, as it halves
the operating frequency of the clock distribution network.
However, quarter-rate clocking is susceptible to duty cycle
distortion (DCD) and quadrature-phase errors (QPE), which
stem from process variations and layout mismatches in the
clocking circuitry. These impairments cannot be eliminated
by scaling to advanced process nodes [3]. Consequently,
calibration techniques such as duty cycle correction (DCC)
and quadrature-phase error correction (QEC) are required.
Numerous studies have extensively investigated DCC and QEC
methods [3], [4], [5], [6], [7], [8], [9], [10], [11]. Previous
studies have primarily performed clock calibration at internal
clock nodes [3], [4], [5], [6], [7], [8], which does not fully
eliminate distortion arising from data path mismatches. The
clock calibration methods reported in [9], [10], and [11], which
rely on complementary clock patterns and di erential driver
output nodes, do not apply to single-ended transmitters (TXs).
Moreover, di erential DCD—defined as a condition in which
the duty-cycle ratios of the two complementary phases do
not add to 100%—has not been e ectively addressed in prior
works [3], [4], [5], [6], [7], [8], [9], [10], [11]. In addition,
0 sets in the clock-monitoring path can distort the extracted
clock information, and must be appropriately compensated
to achieve accurate calibration and minimize overall clock
distortion.

In this work, we propose a new clock calibration method
that addresses the limitations of existing approaches for
multi-channel single-ended TXs. The proposed method uses
pre-coded patterns rather than clock patterns to directly extract
clock distortion at the driver output. This approach eliminates
the impact of data path mismatches and di erential DCD
in single-ended TXs. Furthermore, a dedicated calibration
sequence is introduced to compensate for o sets in the clock-
monitoring path. Extending the concept presented in [12],
this study establishes the principles of DCC/QEC calibration
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Fig. 1. (a) Simplified block diagram of the quadrature clock distribution in
multi-channel transmitters. (b) Monte Carlo simulation results of DCD (c) and
timing skew at a 12.5-GHz clock frequency.

using pre-coded patterns. In addition, a background tracking
mechanism is implemented to preserve clock quality dur-
ing the data transfer window. To validate the feasibility of
the proposed calibration and tracking scheme, all circuits
were fully integrated on-chip. Additionally, a low-power feed-
forward equalizer (FFE) is implemented to compensate for
inter-symbol interference (ISI). By adopting a power-e cient
architecture, the proposed FFE mitigates the conventional
power overhead of equalization, achieving an energy e ciency
of 1.12 pJ/bit at 4 100 Gb/s in 28-nm CMOS technology.
This paper is organized as follows. Section Il introduces the
proposed clock-distortion compensation methods. Section Il
describes the circuit implementation of 4-channel single-ended
TXs with clock-distortion compensation. Section IV presents
the measurement results. Section V concludes the paper.

Il. CLOCK DISTORTION COMPENSATION
A. Duty-Cycle Distortion and Quadrature-Phase Error

Fig. 1(a) shows a simplified diagram of multi-channel TXs
employing quarter-rate clocking. A single quadrature clock
generator produces four-phase clocks, which are distributed
through clock bu ers. The clocks received from the global
clock bu er are recovered at each local clock bu er and
subsequently distributed to the serializer. At this stage, process
variations and loading mismatches introduce DCD and timing
skew. Fig. 1(b) and 1(c) present Monte Carlo simulation
results at 12.5 GHz illustrating DCD and clock skew caused
by process variations in a 28-nm CMOS process. Each case
utilized 500 samples, with the number of inverter stages set to
4, 16, and 42. The maximum stage count of 42 corresponds
to the longest observed clock-distribution path in our design.
The standard deviations ( ) of the duty cycle are 0.39%,
0.89%, and 1.50%, respectively, while the standard deviations
of timing skew are 0.34, 0.80, and 1.27 ps, respectively. As
the ideal clock traverses multiple circuit stages, the distor-
tion induced by DCD and skew variations becomes more
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Fig. 2. NAND gate-based 4:1 MUX: (a) schematic and (b) timing and eye
diagrams under clock distortion.

pronounced. In multi-channel links, the global clock is dis-
tributed across numerous TXs, which increases clock-bu er
strength requirements, routing length, and loading imbalance.
These factors exacerbate DCD and timing skew in the clock
distribution of multi-channel TXs.

Fig. 2(a) shows the schematic of a NAND gate-based 4:1
MUX with bandwidth extension implemented via negative
feedback [1], [13], [14], [15]. Fig. 2(b) illustrates the e ect
of DCD and QPE at 4:1 MUX output. A quadrature clock
generates the serialized output data, and its quality directly
influences the TX output signal integrity. The edges of CKaO,
CK90, CK180, and CK270 are color-coded, with each clock
edge producing a corresponding output data transition. DCD
and timing skew in the clock distribution network induce QPE,
resulting in nonuniform unit intervals of the data. Conse-
quently, the horizontal eye-opening decreases proportionally to
the worst-case QPE. Suppressing DCD and QPE is therefore
critical to preserving the horizontal eye opening. The phase
error between CKO and CK90 caused by clock distortion is
assumed to be 4 ps, and the phase error between CK180
and CK270 is assumed to be + 4 ps. As a result, the total
deterministic jitter at the 4:1 MUX output becomes 8 ps.

B. Duty-Cycle Distortion and Phase Error Calibration

Fig. 3 shows block diagrams of DCC and QEC calibration
loops for two di erent architectures. In the clock path monitor-
ing structure, the duty cycle monitor (DCM) and quadrature
phase error monitor (QEM) detect clock distortion directly
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Fig. 4. Proposed clock-distortion compensation architecture: (a) DCC/QEC
calibration mode and (b) tracking mode.

applied to the serializer. The detected clock information is sent
to the clock calibration controller, which iteratively adjusts
control codes to the DCC/QEC digitally controlled delay line
(DCDL) to compensate for quadrature clock distortion. In
contrast, the data path monitoring structure uses pre-coded data
patterns to monitor the serialized data at the TX output via the
DCM and QEM. In this approach, duty-cycle distortion and
quadrature phase error a ecting the serializer are indirectly
detected, and the extracted clock information is provided to the
clock calibration controller. The internal clock path monitoring
scheme is relatively simple to implement, as clock distortion
is detected directly in the clock path. However, the observation
point may di er from the actual TX output. Hence, distortions
arising from process and loading mismatches in the data
path circuits cannot be corrected [9], [10]. In practice, these
mismatches result in unequal 1-unit-interval (Ul) pulse widths
at the 4:1 MUX and a distorted duty cycle in the output
driver. In contrast, a data-path monitoring scheme detects clock
distortion at the TX output, enabling calibration to compensate
for mismatches in the data-path circuits. However, this scheme
cannot be applied during the data transfer window, when data
is actively transmitted to the receiver. Moreover, as reported
in [10] and [11], using a dummy serializer and output driver
to sense clock distortion incurs substantial power consumption
and increases the load on the clock bu ers. In both architec-
tures, unless specialized techniques are implemented, it is not

possible to eliminate the inherent 0 sets in the sense amplifiers
of the analog-to-digital converter (ADC) or comparators, as
well as in the logic gates within the monitoring path. These
0 sets can significantly impair the controller’s ability to gen-
erate optimal DCDL codes for DCC and QEC. To address
the issues described above, we propose the clock-distortion
compensation architecture shown in Fig. 4, which operates in
two distinct modes. In the DCC/QEC calibration mode, pre-
coded data patterns are used to detect clock distortion at the
TX output, enabling compensation for both clock distortion
and data path mismatches in a single-ended TX. The extracted
clock distortion is digitized using a low-pass filter (LPF) and a
10-bit asynchronous successive approximation register (SAR)
ADC. The calibration controller then employs a dedicated
algorithm to determine the optimized DCDL codes. A specific
calibration sequence further cancels o sets in the monitoring
path; these methods are described in the following section. In
tracking mode, the DCDL codes obtained during calibration
serve as reference setpoints. A feedback loop continuously
estimates the duty cycle and quadrature phase, adjusting the
DCDL to maintain these set points. This approach ensures that
the appropriate DCDL control codes are preserved even during
the data transfer window.

C. Principle of Proposed Clock Distortion Calibration

Fig. 5 illustrates two DCC calibration methods for di er-
ential CKO and CK180 when di erential DCD is present.
In conventional DCC, calibration is performed using clock
patterns, as shown in Fig. 5(a), and is based on the average
of the two distorted duty cycles [3], [4], [5], [6], [7], [8].
[9], [10], [11]. If the duty cycles are not complementary, the
ideal duty-cycle ratio of 0.5 cannot be achieved. Furthermore,
during calibration, the monitoring path o set (Vo) and data-
path mismatch (Vi) can distort the observed clock duty
cycle at the TX output, resulting in inaccurate calibration. To
overcome these limitations, a new DCC method is proposed,
utilizing a specific combination of pre-coded patterns. First,
the “0000 0000” pattern is used to detect the average voltage
value (<) at the driver output when logic “0” is transmitted.
Since the TX employs a pseudo-open-drain (POD) termina-
tion, in which the receiver input termination resistor is tied to
the same supply voltage as the TX output driver, the output
swing ranges from VDD/2 to VDD [16], [17]. Therefore, the
detected value <, corresponding to VDD/2 + Vg, is stored
in the clock calibration controller as the DC level of the TX
output. In the subsequent DCC operation, this stored value is
subtracted from the LPF-averaged value of the corresponding
pre-coded pattern to remove the e ect of the output common-
mode voltage, allowing the proposed calibration to operate
properly regardless of the absolute common-mode level. Sec-
ond, the “1111 1100” pattern is applied to extract the average
voltage value (=) corresponding to the 4-Ul and 2-Ul data
pulses, as measured at the rising and falling edges of CKO.
This measurement inherently includes both Vo5 and Vpis.
Third, the “0000 1100” pattern is used to obtain the average
voltage value (fi) of the 2-Ul data pulse generated by the
rising and falling edges of CKO. The expressions shown in
the figure denote the average voltage value, not the absolute
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value areas in the time domain. Each average voltage value is
digitized through the ADC and delivered to the controller. By
subtracting digital code fi from >, the voltage value of the
4-Ul data pulse, Val(l), can be extracted. Similarly, subtracting
digital code < from fi yields Val(ll), which includes the
voltage of the 2-Ul data pulse along with the positive CKO

duty error and Vpis. By subtracting the previously obtained
Val(l) from Val(ll), Val(lll) is extracted, which represents the
2-Ul data pulse voltage with the negative CKO duty error and
Vnmis. The DCC code for CKO is then iteratively updated by
comparing Val(l11) and Val(ll) until convergence is achieved.
The same procedure is applied to CK90, CK180, and CK270
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by shifting the pre-coded patterns by 1 Ul. Since this method
derives the duty-cycle reference from a specific combination
of data patterns, it can determine the correct DCC code corre-
sponding to the ideal duty ratio even when CKO and CK180
exhibit biased duty cycles. By canceling the monitoring path
o set and accounting for data-path mismatches, the controller
directly determines the DCC code, ensuring a 50% duty cycle
at the TX output. The detection sensitivity of the proposed
DCC is determined by the LPF average variation of the pre-
coded clock pattern “0000 1100.” The LPF average changes
linearly with the duty-cycle error at a rate of VDD/400 per
1% duty cycle, corresponding to 3 mV per 1% duty cycle at
VDD = 1.2 V.

Fig. 6 illustrates the principle of the proposed QEC cali-
bration. First, the “1100 1100 pattern is applied to measure
value < of the 2-Ul data pulse generated by the rising and
falling edges of CKO. Second, the “0100 0100 pattern is
used to measure value > of the 1-Ul data pulse, generated
by the rising edge of CK90 and the falling edge of CKO.
Subtracting value < from > vyields the phase di erence
between CKO and CK90, with the monitoring path o set
eliminated. By shifting the pre-coded patterns by 1 Ul at each
step, phase di erences between adjacent quadrature clocks
can be extracted. Each extracted phase di erence is then
compared with the average-phase di erence, and the QEC
code is adjusted until it converges. Through the combine
DCC/QEC calibration, the TX output achieves an ideal 50%
duty cycle and 90 quadrature-phase di erence. The detection
sensitivity of the proposed QEC is determined by the change
in the extracted LPF average with respect to the phase error
between adjacent quadrature clocks. QEC detection sensitivity
is VDD/720 per degree of phase error, corresponding to 1.06
mV per degree of phase error at VDD = 1.2 V. The simulated
e ective number of bits of the 10-bit ADC used in this work
is 9.14 bits, and its input range is approximately 0.6 V with
a 1.2 V supply voltage. The ADC has a 1-bit resolution of
1.06 mV, enabling detection of 0.3% duty-cycle error and 0.6
phase error.

After calibration, tracking mode is enabled to maintain the
calibrated duty cycle and quadrature phase during data transfer.
The controller stores the reference setpoints at the DCDL
output, derived from the DCM and QEM. In tracking mode,
the controller continuously monitors the quadrature clocks at
the DCDL output and updates the DCC/QEC codes to preserve
these setpoints. Fig. 7(a) shows the diagrams of the DCM
and QEM, consisting of a NAND gate and four switches. By
configuring the enable switches, the block operates in either
DCM or QEM mode. Fig. 7(b) and 7(c) present simulated
average output voltages as functions of duty-cycle ratio and
QPE, respectively. At 1.2 V supply voltage, the sensitivities
of the DCM and QEM are 12.0 mV per duty cycle and 3.5
mV per degree of phase error, respectively.

Fig. 8 illustrates the flowchart of the proposed DCC/QEC
calibration and tracking scheme. Using this process, the opti-
mal DCDL codes are determined and maintained for each
channel’s TX. First, the duty cycles of CKO/CK180 and
CK90/CK270 are measured using the proposed calibration
algorithm, and the DCC DCDL codes are iteratively updated
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until the DCD reaches 50%. Next, the QPE among the four
phases are measured, and the QEC DCDL codes are adjusted
to achieve 90 spacing. DCC/QEC calibration is performed
sequentially for TX1 through TX4, providing corrected duty
cycles and quadrature phases for each TX. After calibration,
the controller stores reference setpoints for the duty cycle
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and quadrature-phase di erence for each channel in tracking
mode. During tracking mode, the DCM and QEM periodically
measure DCD and QPE at the DCDL outputs, compare them
with the stored reference values, and update the DCDL codes
when deviations are detected to maintain clock quality.

I1l1. CIRCUIT IMPLEMENTATION
A. PAM-4 Single-Ended Transmitter Architecture

Fig. 9 shows the top-level block diagram of the proposed
TXs, which includes a global clock-distribution network, four
single-ended TXs, and clock self-calibration circuitry. The
global clock-distribution network consists of a high-frequency
path and a low-frequency path. In the high-frequency path, a
poly phase filter (PPF) generates quadrature clocks without
dividing the frequency of the di erential input clock. The
PPF’s operating range is set to cover the clock frequency
band required for high-speed operation. To compensate for
the PPF’s limited bandwidth, the low-frequency path employs
a CMOS divider to generate quadrature clocks for middle-
and low-speed operation. The generated quadrature clocks are
distributed via clock bu ers to each TX’s DCDL. The low-
distorted quadrature clocks produced by each TX’s DCDL
are then fed to the 4:1 MUX and the clock frequency
divider. Three clock selectors configure the clock phases
delivered to the 8:4 MUX, re-timer, and pattern generator,
ensuring su cient clock-timing margin. Each TX incorporates
two types of pattern generators. The pseudo-random binary
sequence (PRBS) generator uses a 32-stage shift register to
produce a 23!-1 sequence of random data for evaluating
TX performance. The pre-coded pattern generator produces
pre-coded data patterns for DCC/QEC calibration. A binary-
to-thermometer encoder enables independent control of the
four-level amplitudes in the PAM-4 single-ended output. The
TX utilizes an 8:1 serialization ratio by cascading an 8:4 MUX
and a 4:1 MUX. The voltage mode single-ended output driver
is implemented as a stacked POD source-series-terminated
(SST) structure, employing a 4-bit binary pull-up/pull-down
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Fig. 10. (a) Block diagram of the FS-FFE, (b) simulated magnitude response,
and (c) phase response.

strength control to tune output impedance and the ratio of level
mismatch (RLM). A serializer-less, fractionally spaced (FS)
FFE o ers a wider modulation bandwidth by mitigating sub-
Ul post-cursor ISI while maintaining low power consumption.
At each TX output node, low-distortion switches sequentially
provide clock duty cycle and phase di erence information
during DCC/QEC calibration. In tracking mode, the internal
DCM and QEM sequentially provide clock information. An
LPF averages this information, which is then digitized by a
10-bit SAR ADC and delivered to the clock calibration con-
troller. Asynchronous dynamic SAR logic enables low-power
operation, while the DAC employs unit-length capacitors
to enhance robustness against edge-e ect layout mismatches
[18]. The clock calibration controller coordinates the operation
of the pre-coded pattern generator, DCM/QEM, and TX output
node switches, and delivers the optimized DCDL codes to
TX1-TXA4.

B. Low-Power Fractionally Spaced FFE

To alleviate channel bandwidth limitations in high-speed
interfaces, equalization techniques are essential. On the TX
side, FFE is widely used because data shaping can be per-
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Fig. 11. Implementation methods of (a) conventional FS-FFE and (b) low-
power FS-FFE.

formed in a feed-forward manner, avoiding error and jitter
propagation and reducing the equalization burden at the
receiver. In particular, FS-FFE extends the bandwidth beyond
the Nyquist frequency, providing greater performance benefits
than a 1-Ul spaced FFE [19], [20]. Fig. 10(a) shows the block
diagram of a 2-tap FS-FFE. The input signal x(t) is delayed
by tand applied to the post-cursor tap. The coe cients main
and o5 represent the FFE weights. The transfer function of
the 2-tap FS-FFE is

HOD= 300 = ot e 0 )
Accordingly, the magnitude and phase responses are

HGj = ? Rain* Bost 2 main postCOS(! 1) (2)

\ =tan? post SIN(E_1) ©))

main + postcos(! t)

Fig. 10(b) and 10(c) show the magnitude and phase responses
of the FS-FFE for 100 Gb/s PAM-4 signaling. When t =
1 UI, the magnitude response peaks at the Nyquist frequency
of 25 GHz. In contrast, when t = 0.75 Ul, the peak shifts
to a frequency 1.33 times higher, enabling wider bandwidth
extension compared to 1-Ul spaced FFE. Similarly, the FS-
FFE compensates for phase variations at frequencies beyond
those addressed by a 1-Ul spaced FFE.

Fig. 11 illustrates two implementation methods of the
FS-FFE. The clock delay line based FS-FFE, as shown in
Fig. 11(a), the clock input to a 4:1 MUX for the post-
cursor is delayed by t to obtain the FS-FFE cursor [19],
[20], [21], [22], [23], [24]. However, this approach imposes
a significant power burden on the serializer and clock bu ers
due to the additional serializer required. In contrast, the data
delay line based FS-FFE in Fig. 11(b) generates the post-
cursor by directly lagging the main cursor data at the 4:1 MUX
output. There are several ways to implement a data delay line.
Approaches that delay the data by implementing the transmis-
sion line with a lumped-LC circuit or coplanar waveguide have
several advantages, including low power consumption, flexible
input/output swing range, and the ability to realize high-
bandwidth delay lines even in legacy process technology [25],
[26], [27]. However, their large area overhead, typically on the
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Fig. 12. Schematic of proposed PAM-4 single-ended output driver.

order of several millimeters, and delay variation make them
unsuitable for memory interface applications. CML-based data
delay lines also provide high bandwidth, but consume high
power due to static current [28]. By contrast, the inverter-based
delay line used in this work delays the data using the minimum
number of transistors, making it the most e cient option in
terms of area and power for the target application [14], [16].
In this work, a two-stage inverter delay line is employed,
consuming 0.57 mW per channel. While the additional loading
at the full-rate node inevitably reduces the output bandwidth,
this approach remains readily applicable up to 100 Gb/s in
28-nm CMOS process. Also, this design eliminates 12 seri-
alizers for the post-cursor, resulting in substantial power
savings in both the serializer circuitry and clock bu ers in
our design.

C. Output Driver

In GDDR7 and DDRS5 interfaces, the P-over-N driver
with POD termination is used to achieve high output swing,
compared to the N-over-N driver with low-voltage swing
termination logic (LVSTL) [1], [29]. To realize a high output
swing, we adopt a P-over-N driver with a POD termination
structure. The POD-SST output driver shares its supply voltage
with the RX termination voltage and exhibits smaller time-
varying impedance than LVVSTL at large output-swing voltages
due to its PMOS-based pull-up operation. Fig. 12 shows
the schematic of the PAM-4 single-ended output driver. The
main driver consists of four slices, enabling output impedance
control through 4-bit binary ZQpy and ZQpp codes. The FS-
FFE driver can be enabled or disabled via the EQgn signal
and introduces a propagation delay of 15 ps through inverter
stages at 100-Gb/s PAM-4 signaling. Across PVT corners,
the FS-FFE delay varies from approximately 14 ps at the FF
corner 0 C to 18.1 ps at the SS corner 100 C, resulting
in an 8.1 GHz variation in the peaking frequency. As a
result, the peaking-frequency variation changes the EQ gain
required to achieve the target bandwidth extension. The DAC
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adjusts the gate voltages of EQgias p and EQgas n to apply
appropriate FFE weights based on channel characteristics and
data rate. The proposed design uses a reduced number of
slices to minimize parasitic capacitance and simplify layout. A
transmission gate switch is used to select the driver output of
each TX during DCC/QEC calibration. The transmission gate
switch exhibits input voltage dependent turn-on resistance,
resulting in di erent RC time constants. This nonlinearity
prevents the full pre-coded pattern from reaching the LPF
input. To address this, a 25-k  resistor is inserted at the
driver output to attenuate the signal. The attenuated pre-coded
pattern is robust against the nonlinear turn-on resistance of
the switch with respect to the input voltage. Due to the high
resistance, the impact on the 50- driver output impedance
is negligible. In the layout, the resistor is placed as close as
possible to the driver output to minimize capacitive loading,
introducing only 3 fF of additional parasitic capacitance. To
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Fig. 16. (a) Measurement setup for the prototype TXs and (b) measured
channel insertion loss.

reduce signal coupling from neighboring TX outputs, regular-
threshold-voltage transistors with low leakage were used in
the transmission-gate switch.

D. Clocking Circuitry

Fig. 13 presents the architecture of the proposed TX
clocking circuits. The clock receiver recovers and level-shifts
the input clock using a resistive feedback inverter and AC-
coupling capacitors. A cross-coupled inverter enhances the
common-mode rejection of the di erential clock. In the high-
frequency path, a PPF generates quadrature clocks at 6.5 to
18 GHz, while a CMOS divider is employed for quadrature
generation below 6.5 GHz in the low-frequency path. The
inverter chain based PPF utilizes only active devices, thereby
significantly reducing the area. A 6-bit digital code from the
clock calibration controller configures the DCDL. Fig. 14
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Fig. 17. Measured 12.5 GHz quadrature clock waveforms for TX1-TX4.

shows the simulation results of duty cycle and phase delay as a
function of the DCC/QEC code at 12.5 GHz clock frequency.
To mitigate clock distortion, a DCDL is implemented for
each of the four TXs. Each TX includes a CMOS frequency
divider that halves the clock frequency for the 8:4 MUX, re-
timer, and PRBS generator. Three clock selectors configure the
quadrature clock phases to enhance the timing margin of the
serializer. These selectors operate only in the low-speed clock
domain, minimizing design overhead while enabling phase
adjustment at the 8:4 MUX and re-timer to improve the timing
margin of the 4:1 MUX stage.

IV. MEASUREMENT RESULTS

To demonstrate the proposed concept, a prototype chip was
fabricated in a 28-nm CMOS process. Fig. 15 shows the
micrograph of the implemented chip, which integrates four
single-ended TXs, bias circuits, a clock-distribution network,
an 12C interface, a clock calibration controller, and a 10-bit
SAR ADC. The active areas of the TX core, digital block,
and 10-bit SAR ADC are 0.0087 mm?, 0.054 mm?, and
0.0075 mm?, respectively.

Fig. 16(a) shows the measurement setup. To achieve a
4  100-Gb/s data rate, 12.5 GHz di erential clocks were
applied to the TX using a pulse pattern generator (MP1800A).
A 65 GHz Bias-T (V255) provided termination-voltage control
for the POD output structure. The TX output signal was
captured by a real-time oscilloscope (UXR1104A) for eye
diagram measurement. An 12C host was used to read and write
digital control codes, while a data acquisition (DAQ) system
monitored the LPF output during DCC/QEC calibration and
tracking. Fig. 16(b) shows the measured channel insertion
loss, which reaches 3.8 dB at the Nyquist frequency of
25 GHz.

Fig. 17 shows the measured quadrature clock waveforms
for each TX before and after DCC/QEC -calibration. The
quadrature clock pattern was obtained by accumulating the
TX output waveforms while shifting the “1100” pattern by
one bit at a time over four cycles. Fig. 18(a) and 18(b)
present the duty cycle and phase error of the quadrature clocks
before calibration, respectively, while Fig. 18(c) and 18(d)
show the corresponding results after calibration. Although
the CKO and CK180 di erential clocks of TX1 initially
exhibit a duty cycle exceeding 50%, the proposed calibration

Fig. 18. Measured quadrature clock for TX1-TX4: (a) duty cycle before DCC
calibration, (b) phase error before QEC calibration, (c) duty cycle after DCC
calibration, and (d) phase error after QEC calibration.

scheme significantly reduces clock distortion. After DCC/QEC
calibration, the worst-case duty cycle among the four TXs
is 50.9% for TX3 CK270, and the worst-case phase error
is 0.7 ps for TX1 CK180. Fig. 19(a) shows the LPF output
and corresponding DCC DCDL code during DCC calibration.
When the pre-coded pattern “0000 1100 is applied to CKO,
CK90, CK180, and CK270, the duty-cycle di erences between
the CKO/CK180 and CK90/CK270 di erential clock pairs
can be observed. The reduction in DCD is reflected in the
measured LPF output. Fig. 19(b) shows the LPF output and
corresponding QEC DCDL code during QEC calibration.
After calibration, the LPF output di erences between the pre-
coded patterns “1100 1100” and “0100 0100 representing
the quadrature-phase di erence are equal across CK0, CK90,
CK180, and CK270. Fig. 19(c) shows the LPF output of
the four TXs in tracking mode after DCC/QEC calibration.
In steps <—>, the reference values of duty cycle and phase
error for all TXs are stored using the DCM and QEM at the
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