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Quadrature-Phase-Error Correction Using Pre-
Coded Data Patterns

Jae-Koo park'>*, Dae-Won Rho!, Graduate Student Member, IEEE, and Woo-Young Choi', Member, IEEE
'Department of Electrical and Electronic Engineering, Yonsei University, Seoul, 03722, South Korea
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Abstract—This paper presents an 88-Gb/s/pin pseudo open
drain (POD) four-level pulse amplitude modulation (PAM-4)
single-ended voltage-mode transmitter (TX) with duty-cycle-
error and quadrature-phase-error correction using pre-coded
data patterns for the high-speed dynamic random access
memory (DRAM) interface application. The proposed TX
employs a newly proposed phase and duty-cycle error
correction technique using pre-coded data patterns, which
corrects errors caused not only by clock distribution but also by
data path mismatches. The TX achieves > 44 mV eye opening, >
0.15 UI eye width, > 0.96 ratio of level mismatch (RLM) with
1.51 pJ/b at 88-Gb/s PAM-4 signaling for the 23'-1 pseudo
random binary sequence (PRBS-31) pattern.

Index Terms—four-level pulse amplitude modulation (PAM-
4), transmitter (TX), single-ended, memory interface, duty cycle
correction (DCC), quadrature phase error correction (QEC),
pseudo open drain (POD)

I. INTRODUCTION

As demands for data-driven applications such as AI/ML
are rapidly increasing, the need for larger memory I/O
bandwidth is also growing. To satisfy this need, the number of
DRAM pins are expanding and new data modulation schemes
are adopted that can allow transmission of more bits per unit
interval (UI) [1, 2]. The continuous increase in DRAM data
rates, however, leads to higher power consumption and
increased design complexity especially in clock tree
distribution. Due to these challenges, quad-rate clocking is
more commonly used than half-rate clocking. However, quad-
rate clocking requires compensation circuits for the duty cycle
error and the quadrature phase error. Several studies have been
reported on duty cycle correction (DCC) and quadrature
phase error correction (QEC) techniques [3-5]. In the case of
transmitters, DCC/QEC at the internal clock nodes cannot
completely eliminate errors caused by data-path mismatches
between where the data are multiplexed and the final driver
stage, resulting in offsets [3, 4]. Detection method using clock
patterns and the finite state machine (FSM) at the final output
port [5] has limitation in achieving an optimal solution for
DCC in single-ended driver, as the output phase information
comes from different clocks. To solve these problems, we
propose a new DCC/QEC technique for single-ended drivers.
In our technique, the output signals produced with pre-coded
data go through a low pass filter (LPF) and the resulting
average values are converted into digital codes with an ADC,
with which an FSM performs DCC and QEC. Since the same
calibration loop and the values sampled with only one ADC
are used for DCC/QEC, our technique is robust against ADC
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Fig. 1. Top block diagram of the TX.

offsets or mismatches caused by process variations in the
calibration loop. Furthermore, DCC/QEC is performed with
one FSM sequentially for multiple pins, thereby reducing the
area overhead of the calibration loop for memory interfaces
with the multi-pin topology.

This paper is organized as follows. Section II introduces
the proposed transmitter (TX) architecture. Section III
discusses the impact of quadrature clock phase error in a
single-ended driver on the output waveform. The DCC/QEC
principles, and detailed circuit implementations are described
in Section IV. Section V presents measurement results, and
finally, Section VI summarizes and concludes this work.

II. TX ARCHITECTURE

The top block diagram of the TX having four channels
(CH A~D) is shown in Fig. 1. The clock path is divided into a
low-frequency (LF) path and a high-frequency (HF) path to
cover a broad range of data rates. In the HF path, an active
poly phase filter (PPF) is used to generate quadrature clocks
from the externally applied differential clock, which are then
delivered to each data path. Each data path contains two types
of data generators: one for generating the pseudo random
binary sequence (PRBS) used for TX evaluation and another
for generating pre-coded data patterns for DCC/QEC. The
generated data are converted from 16-bit to 24-bit through a
2-bit to 3-bit binary-to-thermometer decoder. The data are
then aligned in the re-timer, serialized using 8:4 and 4:1
multiplexers (MUXs), and delivered to the output driver. The
DCC/QEC calibration loop operates for only one data path at
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a time using built-in switches. After DCC/QEC is completed,
the calibration loop is disconnected to minimize the output
load overhead.

III. THE IMPACT OF QUADRATURE CLOCKPPHASE ERROR

Fig. 2 illustrates the schematics of the 4:1 MUX and the
driver. The 4:1 MUX employs a conventional NAND-type
structure and includes a switchable feedback equalizer to
enhance the bandwidth of internal nodes. The main driver
utilizes a stacked pseudo open drain (POD) source-series
termination (SST), with each pull-up/down driver impedance
controlled by 4-bit impedance-control codes. The weights for
the de-emphasis can be adjusted with EQ BIASP/N, and the
equalization function can be toggled on/off by EQ EN.

Fig. 3 describes an example timing diagram showing the
output waveform for the single-ended driver when there are
duty-cycle and quadrature-phase errors. The timing diagram
in Fig. 3. explains how the quadrature phase error causes
output signal distortion in the single-ended driver. Depending
on the data pattern, different sampling clock edges are used
for multiplexing. For instance, if both data “D”” and “E” shown
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Repeat that sequence
with CK90-CK180, CK180-CK270 and CK270-CKO.
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Compare ®-1/2/3/4 to ®-avg,
®-1 > ®-avg = CKO ~ CK90 phase > 90°
®-1 < ®-avg = CKO ~ CK90 phase < 90°
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Fig. 5. (a) Block diagram of DCC/QECC loop, Pattern based (b) duty
cycle error detection principle, and (c) quadrature phase error detection
principle.

in the figure are 0 or 1, the output (“OUT”) remain at 0 or 1,
respectively. But when data “D” is 0 and “E” is 1, the CKO
rising edge is used for producing 1 for “OUT”, and when data
“D” is 1 and “E” is 0, the CK180 falling edge is used for
producing 0 for “OUT”. Consequently, any phase errors for
CKO and CK180 result in the signal distortion in “OUT”. Due
to these characteristics of the single-ended driver, test patterns
“1100” and “0011” cannot be used for DCC as was done in
[5].

Fig. 4 shows the output waveforms for the patterns "1100"
and "0011" for two different driver types when there is a duty
cycle error in CKO and CK180. In the case of a differential
driver, when the pattern "1100" is applied, OUT P and
OUT N reflect the duty cycles of CKO, and CKI180
respectively. Even if OUT P and OUT N respectively exhibit
duty cycle errors corresponding to CKO and CK180, the
differential output eliminates the duty cycle error. The same
applies to the pattern “0011” as well. However, in the case of
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a single-ended driver, the duty cycle error in CKO is directly
reflected in the output waveform for the pattern "1100," and
the duty cycle error in CK 180 is directly reflected in the output
waveform for the pattern "0011”. In a differential driver
structure, as described in [5], patterns "1100" and "0011" can

be used to adjust CK0 and CK 180 to achieve same duty cycles,

thereby eliminating duty cycle error in the differential output.
In contrast, for single-ended driver structures, even if CKO0 and
CK180 are adjusted to have the same duty cycle, it is not
possible to eliminate the duty cycle error in the output
waveform.

IV. PRINCIPLE OF DCC/QEC AND CIRCUIT IMPLEMENTATION

Fig. 5(a) shows the block diagram of the DCC/QEC
calibration loop and how DCC/QEC are carried out. By
repeatedly applying pre-coded data patterns and obtaining the
average output value as a digital code through LPF and ADC,
the FSM can detect the error amount and appropriately adjust
the digitally controlled delay lines (DCDLs) to calibrate the
quadrature clock for reducing the duty cycle and quadrature
phase errors. For the present investigation, the calibration loop
is implemented externally.

Fig. 5(b) and (c) describe how to detect duty cycle error
and quadrature phase error. The duty cycle error is detected in
the following manner. As shown in the timing diagram at Fig.
5(b), when the repeating data “11111100” (Patternl) and
“00001100” (Pattern2) are generated, subtracting OUTLPF
@ from OUTLPF @ yields OUTLPF B . This result
corresponds to the amount of “11110000 pattern aligned to
the rising edge of CKO and is not affected by the duty cycle
error in CKO. By simply shifting Pattern2 by four Uls and

Fig. 7. Measured 7GHz quadrature clock signals for the 28Gbaud rate for CH A~D.

subtracting OUTLPF @ (identical to OUTLPF @)) from
OUTLPF®), OUTLPF®) can be obtained. In this case, 0-to-1
transition occurs at the CKO falling edge and 1-to-0 at the CKO
rising edge, with OUTLPF®) decreases as the duty cycle of
CKO increases. The difference between OUTLPF @ and
OUTLPF® represents the duty cycle error for CK0, enabling
DCC for CKO.

Next, as shown in the timing diagram at Fig. 5(c),
supplying the repeating  “11001100” (Pattern3) and
“01000100” (Pattern4) and then subtracting OUTLPF(®) from
OUTLPF®@ yields OUTLPF®), which corresponds to the
amount of pattern transitions from 0-to-1 at the CKO rising
edge and 1-to-0 at the CK90 rising edge. Repeating this
process for CK90 and CK180, CK180 and CK270, and
CK270 and CKO yields four sets of OUTLPF(®-1,2,3,4, as
well as their average values. Since these represents the rising
edge-to-rising edge timing for CKs with 90° phase differences,
QEC can be performed by adjusting each so that it converges
toward the overall average value.

Fig. 6 presents the schematic of the DCDL used in the
calibration loop, along with simulation results at the 28-Gbaud
rate. Each quadrature clock has a 6-bit DCDL control bit, and
simulation results indicate that, with the 28-Gbaud quadrature
clock, the duty cycle can be adjusted from 33% to 66%, and
the phase delay can be controlled 20 ps.

V. MEASUREMENT RESULTS

The TX is implemented in the 28-nm bulk CMOS
technology. The output signals are measured through probes,
cables, and an active termination adapter with a real-time
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Fig. 9. (a) Die photo and (b) power breakdown per channel.
oscilloscope. The measured 7-GHz quadrature clock signals
at a 28-Gbaud rate for CH A~D, both before and after
DCC/QEC, are shown in Fig. 7. From the expanded figure for
CH D, it can be seen that the phase error is reduced from 6.8
ps to 0.3 ps and the duty cycle from 53.8% to 50.4%.

Fig. 8(a) and (b) shows the 56-Gb/s PAM-4 eye diagrams
measured with PRBS-31 data at 1.0 V VDD, before and after
DCC/QEC. As can be seen, the eye height and width have
greatly improved with DCC/QEC. The energy efficiency for
one TX channel is 0.99-pJ/b. Fig. 8(c) displays the 88-Gb/s
PAM-4 eye diagram measured at 1.2 V VDD. The worst-case
eye height is 44 mV and the worst eye width is 3.3 ps. The
RLM is 0.96, and the energy efficiency is 1.51-pJ/b. A die
photo for out TX is shown in Fig. 9(a) and the detailed power
breakdown obtained with simulation for one channel is
represented in Fig. 9(b). The largest portion of power is
consumed by clock distribution, which accounts for 37.4%
(49.6 mW), followed by MUXs and pre-driver at 27.5% (36.6
mW), DCDL at 18.1% (24.0 mW), PRBS generator and
decoder at 7.4% (9.8 mW), re-timer at 6.7% (8.9 mW), and
driver at 3.0% (4.0 mW). TABLE I compares the performance
of our TX with recently published state-of-the-art TXs with
DCC/QEC capabilities.

VI. CONCLUSION

We have implemented a single-ended PAM-4 voltage-
mode transmitter achieving an energy efficiency of 1.51 pJ/b
at 88 Gb/s and 0.99 pJ/b at 56 Gb/s. The proposed DCC/QEC
calibration technique detects quadrature clock errors at the
output port using pre-coded data patterns in single-ended
driver. This allows correction of phase errors not only in the
clock distribution but also in the data path. By utilizing pre-
coded data patterns instead of clock patterns, the calibration

TABLEI
COMPARISON TABLE OF THE STATE-OF-THE-ART TX WITH DCC/QEC

JSSC’14 | TCASII'21 | JSSC’21 | JSSC’22 | JSSC 24 This work
(5] 161 7 131 (8]
Technology 65nm 28nm 40nm 10nm 5nm 28nm
Signaling NRZ PAM-4 PAM-4 PAM-4/6 PAM-4 PAM-4
Driver type VM CML SST CML SST SST
Data rate per pin
(Gbis/pin) 8 25 56 112 58 56 | 88
Output swing 0.3Vppd 0.4Vppd 1.0Vppd 1.0Vppd 0.9Vppd | 0.5V | 0.6V
Phase error Clock Clock Clock Clock Clock Data
detection method pattern node node node node patterns
DCC/QEC Clock path Clock Clock Clock Clock Clock path
Coverage + Data path path path path path + Data path
RLM (%) - 97 98 99 98 9
Energy efficiency
(pJibit) 1.1 2.87 3.89 1.88 0.9 0.99 | 1.51
Area (mm?) - 0.21 0.56** 0.088** 0.082** 0.066*

*4 channel TX total area
**PLL include

technique can detect duty cycle errors in single-ended drivers
as well as in differential drivers. This approach is expected to
provide advantages in applications such as multi-channel
single-ended driver architectures for DRAM interfaces.

ACKNOWLEDGEMENTS

This work was supported by Samsung Electronics Co., Ltd
(I0201218-08228-01). The EDA tool was supported by the IC
Design Education Center (IDEC), Korea.

REFERENCES

[1] J.-Y. Kim, et al., “An Energy-Efficient Design of TSV I/O for HBM
With a Data Rate up to 10 Gb/s,” IEEE J. Solid-State Circuits, vol. 58,
no. 11, pp. 3242-3252, Nov. 2023, doi: 10.1109/JSSC.2023.3285896

[2] S.-Y. Cho, et al, “A 16Gb 37Gb/s GDDR7 DRAM with PAM3-
Optimized TRX Equalization and ZQ Calibration,” IEEE International
Solid-State Circuits Conference - (ISSCC), 2024, pp. 242-243, doi:
10.1109/ISSCC49657.2024.10454354

[3] J. Kim, et al, “A 224-Gb/s DAC-Based PAM-4 Quarter-Rate
Transmitter With 8-Tap FFE in 10-nm FinFET,” /EEE J. Solid-State
Circuits, vol. 57, no 1, pp. 6-20, Jan. 2022, doi:
10.1109/JSSC.2021.3108969

[4] Y. Shin, et al, “A 900uW, 1-4GHz Input-Jitter-Filtering Digital-PLL-
Based 25%-Duty-Cycle Quadrature-Clock Generator for Ultra-Low-
Power Clock Distribution in High-Speed DRAM Interfaces,” I[EEE
International Solid-State Circuits Conference - (ISSCC), pp. 408-409,
2023, doi: 10.1109/ISSCC42615.2023.10067283

[5] Y.-H. Song, et al, “An 8-16 Gb/s, 0.65-1.05 pJ/b, Voltage-Mode
Transmitter With Analog Impedance Modulation Equalization and
Sub-3 ns Power-State Transitioning,” I[EEE J. Solid-State Circuits, vol.
49,  no. 11,  pp. 2631-2643, Nov. 2014, doi:
10.1109/JSSC.2014.2353795

[6] Y.-T. Lin, ef al., “A 50 Gb/s PAM-4 Transmitter with Feedforward
Equalizer and Background Phase Error Calibration,” Trans. Circuits



https://doi.org/10.1109/JSSC.2023.3285896
https://doi.org/10.1109/ISSCC49657.2024.10454354
https://doi.org/10.1109/JSSC.2021.3108969
https://doi.org/10.1109/ISSCC42615.2023.10067283
https://doi.org/10.1109/JSSC.2014.2353795

Syst. 1I, Exp. Briefs, vol. 68, no. 8, pp. 2820-2824, Aug. 2021, doi:
10.1109/TCSI1.2021.3068457

P.-J Peng, et al., “A 112-Gb/s PAM-4 Voltage-Mode Transmitter With
Four-Tap Two-Step FFE and Automatic Phase Alignment Techniques
in 40-nm CMOS,” ” IEEE J. Solid-State Circuits, vol. 56, no 7, pp.
2123-2131, Jul. 2021, doi: 10.1109/JSSC.2020.3038818

Y. Perelman, et al., “A 116-Gb/s PAM4 0.9-pJ/b Transmitter With

Eight-Tap FFE in 5-nm FinFET,” IEEE J. Solid-State Circuits, vol. 59,
no 7, pp. 2260-2271, Jul. 2024, doi: 10.1109/JSSC.2024.3351372



https://doi.org/10.1109/TCSII.2021.3068457
https://doi.org/10.1109/JSSC.2020.3038818
https://doi.org/10.1109/JSSC.2024.3351372

	NEWCAS.pdf
	NEWCAS_2025_0428_final.pdf

