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Abstract—This paper presents a multiphase clock and data
recovery (CDR) circuit for high-speed (1.2–3.4 Gb/s) display
driver ICs (DDIs) with a novel glitch-free bang-bang phase
detector (BBPD). Compared to conventional BBPDs, which often
suffer from sampling glitches caused by latch-delay mismatches
and asynchronous data–edge interferences, the proposed BBPD
employs a robust sampling network ensuring mutually exclusive
data-edge valid events, thereby filtering invalid transitions and
minimizing timing-induced jitter. An extensive comparison with
conventional BBPDs highlights these improvements and clarifies
how the proposed BBPD enhances phase detection integrity
and overall stability in high-speed CDRs. Fabricated in a 0.18-
µm CMOS process and integrated in a chip-on-film (COF)
package along with other DDI’s components, the proposed CDR
demonstrates a clean output phase trajectory and an improved
97 ps output jitter (0.388 UI at 4 Gb/s) with only 20.1 mW
power consumption including the equalizer power. The overall
CDR performance is also validated through a comprehensive
characterization using a shmoo plot across 1.4 V − 2.2 V supply
voltages.

Index Terms—Clock and data recovery (CDR), bang-bang
phase detector (BBPD), phase-locked loop (PLL), jitters.

I. INTRODUCTION

The increasing demand for high refresh rates and ultra-
high-resolution displays has greatly advanced display tech-
nology, thereby increasing the required bandwidth and data
rates of display interfaces [1], [2]. However, high-speed data
transmission suffers from inter-symbol interference (ISI) due
to channel loss, degrading signal integrity and elevating bit-
error rates (BER). These effects demand precise data retiming,
posing stringent challenges for CDR circuit design. To mitigate
ISI, equalizers are employed at both transmitter and receiver
ends, while adaptive loops on the receiver side further optimize
equalization for improved link performance [3], [4]. However,
concurrent operation of the equalizer adaptation and CDR
loops can cause mutual interference, as ISI also affects CDR’s
phase detection, resulting in instability. It necessitates a fast
and robust phase detection mechanism.

To mitigate ISI and adaptation effects in CDRs, bang-bang
phase detectors (BBPDs) [6], [7] are preferred over linear-
phase detectors (LPDs) [8], which suffer from BW limita-
tions, higher power, and dead-zone issues at high speeds [8],
[9]. BBPDs overcome these constraints by quantizing phase
errors into binary outputs (±1), enabling full-swing-free and
energy-efficient operation. However, their binary nature in-
troduces deterministic jitter (DJ) arising from discrete phase
error corrections and limit-cycle oscillations (LCOs) [7].
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Fig. 1. Circuit diagrams of (a) simplified multiphase CDR and (b) conven-
tional BBPD [1], [5].
Since BBPDs lack continuous tracking, residual phase er-
rors manifest as periodic jitter. Further, in multiphase CDRs,
asynchronous clock–data interactions further induce glitch-
related jitters [10]. Although prior SR-latch-based retiming
approaches [10], [11] reduced such jitter, but with increased
loop latency and aggravated LCOs.

To address these limitations, a multiphase CDR with a
novel glitch-free BBPD is proposed in this paper. The BBPD
employs NAND-based validation logic to generate data-valid
(DV) and edge-valid (EV) signals, effectively suppressing
asynchronous sampling glitches. Unlike prior BBPDs [6],
[7], it directly routes strong-arm latch outputs to the phase
detection latches without retiming, thereby minimizing loop
latency. As a result, the proposed CDR achieves a 10× unit-
interval (UI) latency reduction while substantially mitigating
LCOs and DJ. The remainder of this paper is organized as
follows. Section II compares the conventional and proposed
glitch-free BBPDs, while Section III details the proposed mul-
tiphase CDR architecture. Experimental results are presented
in Section IV, followed by the conclusion in Section V.

II. COMPARISON OF CONVENTIONAL AND PROPOSED
BBPDS

A. Conventional BBPD

Fig. 1(a) shows the simplified block diagram of a multi-
phase CDR employing a conventional BBPD commonly used
in high-speed designs [1], [5]. As shown in Fig. 1(b), the
BBPD samples the input DATA using data (D0−D4) and edge
(E0−E4) samples to generate UP/DN signals. It compares two
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Fig. 2. Verification of invalid data and glitch issues in conventional BBPD [1],
[5], (a) operating waveforms and (b) simulated waveforms showing glitch
because of invalidity between UP and DN signals.
consecutive data samples (D0 & D1) with one edge sample
(E0) to determine phase alignment between the clock phase
and data transition. If the data transition is ahead (behind)
of the clock phase, it corresponds to an Early (Late) case,
generating DN (UP) signal, respectively [1], [5], [12]–[14].

To evaluate interference and jitter effects in conventional
BBPDs, the multiphase CDR (Fig. 1(a)) was functionally
modeled in MATLAB Simulink, including block-level noise
sources, and its BBPD operation verified (Fig. 1(b)). The con-
ventional BBPD exhibits two key limitations. First, it requires
dedicated samplers to capture DATA since, at high speeds (≈4
Gb/s), signal amplitudes are too small for standard DFFs.
Second, timing mismatches between data and edge samples
generate invalid data as shown in Fig. 2(a). When sampling
D0, D1, and E0, the XOR-based phase detection demands
at least a 0.5-UI margin after D1 to produce valid UP/DN
signals; otherwise, phase correction proceeds using the prior
data Dn−1 instead of Dn, increasing jitters and introducing
glitches, as shown in Fig. 2(b) [10], [11]. Additionally, the
retiming path causes a 2.5-UI loop latency without validity
checks, limiting jitter tracking and stability under supply
variations (Fig. 2(b)). Although strong-arm latch samplers with
XOR gates improve sampling robustness [5], [11], they still
produce false transitions during precharge, which the XOR
misinterprets as valid data. SR-latch based BBPDs filter such
glitches [10] but incur higher loop latency and larger limit-
cycle oscillations (LCOs).
B. Proposed Glitch-Free BBPD

Fig. 3 shows the circuit diagram of the proposed glitch-free
BBPD, which consists of two main components to overcome
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Fig. 3. Schematic of the proposed glitch-free BBPD.
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Fig. 4. Verification of invalid and glitch issue in Proposed BBPD, (a)
operating waveforms illustrating the valid signal and (b) simulated waveforms
showing the glitch-free operation of UP and DN signals.

the limitations of conventional BBPD [1], [5]: 1) strong-arm
latch-based sense amplifiers (SA latches) for robust data sam-
pling, and 2) dynamic XOR-based latches for precise phase
detection using a valid signals as the clock input. Unlike prior
BBPDs, the proposed BBPD achieves glitch-free operation
with an optimal loop latency by implementing a direct signal
path approach. As shown in Fig. 3, it bypasses retiming stages
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Fig. 5. Block diagram of the proposed multiphase CDR.
of conventional BBPDs by routing SA outputs directly to
dynamic XOR-based latches through two types of validity
signals (DV: data valid, EV: edge valid) as the clock inputs
for high-speed operation. The proposed NAND-based valid-
signal generation in our design utilizes two key properties of
the SA latch: precharge-state filtering and edge-data alignment.
During the SA’s precharge phase, both differential outputs
(D0, DB0) temporarily rise to logic ‘1’, forming an invalid
data window. The generated DV signal masks this window,
preventing false UP(DN) transitions without adding extra latch
delay, thus preserving the critical path timing. In addition, the
proposed BBPD employs dynamic edge gating, where an EV
signal ensures proper synchronization between data and edge
paths. This coordination eliminates glitches caused by early
data transitions and maintains stable comparison windows.
Together, the combination of precharge masking and edge-
data alignment enables glitch-free operation with native 1-UI
loop latency, which is a key requirement for high-speed CDR
circuits with tight jitter tolerance.

Fig. 4(a) shows the operating waveforms of the proposed
glitch-free BBPD. Unlike conventional BBPD’s (Fig. 2(a))
where invalid region persists, the proposed design eliminates
them using valid (DV and EV) signals, achieving glitch-free
operation with reduced latency. To further verify the glitch
behavior, the conventional BBPD in Fig. 1(a) was replaced
with the proposed one, and multiphase CDR MATLAB sim-
ulations were repeated. As shown in Fig. 4(b), the periodic
UP(DN) pattern, an indicator of loop latency, shows significant
improvement over the conventional design. In the conventional
BBPD, the UP(DN) cycle time is 6.356 ns (25 UI), whereas
the proposed glitch-free BBPD achieves 3.018 ns (12 UI), as
shown in Fig. 4(b). This 13-UI reduction demonstrates a sig-
nificant latency improvement for high-speed CDRs. Moreover,
the proposed design eliminates glitches entirely (Fig. 4(b)),
making it highly suitable for multi-Gb/s applications demand-
ing low latency and robust glitch suppression for reliable BER
performance.

III. PROPOSED MULTIPHASE CDR WITH GLITCH-FREE
NAND-BASED BBPD

A. Overall Architecture

Fig. 5 shows the overall block diagram of the proposed
multiphase CDR circuit, integrating the glitch-free BBPD
in one if its three operating loops. The multiphase CDR
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architecture is selected because it offers superior power effi-
ciency at high data rates through frequency scaling, distributed
processing, and relaxed per-phase timing. As shown in Fig. 5,
the proposed CDR comprises three feedforward operating
loops including, an automatic frequency calibration (AFC)
loop, phase-frequency detector (PFD) loop, and only phase
detector (PD) loop. All loops share a common loop filter
(LF) and voltage-controlled oscillator (VCO) to optimize both
area and power. During start-up, the AFC loop serves as a
coarse loop generating 7-bit output code (AFC[6:0]) which
coarse-tunes the voltage-negative supply (VNS) of VCO for its
rapid target frequency (CLKOUT) alignment with the DATAIN.
Once the CLKOUT is approximately aligned with DATAIN, the
AFC loop is disengaged as the AFCLOCK signal transitions
high, closing SW1 via PFDEN, as shown in Fig. 5. Once
SW1 is closed, PFD loop starts fine-calibrating both phase and
frequency of CLKOUT. PFD loop achieves synchronization of
CLKOUT and DATAIN utilizing a low-power sub-µA switch-cell
charge pump (CPPFD). Upon exact frequency locking, the PFD
loop is disengaged with high PDEN signal, opening the SW1
and closing the SW2. Then PD loop (with glitch-free BBPD)
takes over. The 5-bits UP and DN signals which actually maps
the phase error, are converted into current through the CPPD

which then controls the VCO through LF. Finally with exact
locking of CLKOUT and DATAIN, the PD loop recovers clock
and data from the random input stream, ensuring glitch-free
operation. This hierarchical locking technique minimizes jitter
and power while adapting to supply-voltage variations. To
further elaborate on the operating principle of the proposed
multiphase CDR, a detailed flow chart is shown in Fig. 6.
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IV. VALIDATION RESULTS

The proposed multiphase CDR was fabricated in a 180-
nm CMOS process and integrated via chip-on-film (COF)
packaging alongside other DDI blocks. As shown in Fig. 7,
the chip layout and COF occupy an active area of 0.307
mm2. It operates over 1.5–2.2 V and 1.2–3.4 GHz nominal
ranges. Meanwhile, the average power consumption (excluding
equalizer power) is approximately 13.52 mW. To validate
the DJ of the proposed BBPD, eye-diagram verification were
performed. Fig. 8(a) shows results with a conventional BBPD
without data-valid (DV) signals under fixed equalizer settings,
yielding 124.56 ps peak-to-peak jitter due to asynchronous
sampling effects. In contrast, Fig. 8(b) shows the proposed
glitch-free BBPD with DV logic, reducing jitter to 97 ps with
an improvement of 27.56 ps (≈0.112 UI). This confirms that
DV logic suppresses spurious phase updates and enhances
jitter tolerance.

Since the proposed CDR was integrated within a COF
package alongside other DDI components, standalone testing
was not feasible. Therefore, system-level evaluation was con-
ducted through the complete TX-to-RX signal path, including
PCB traces, FFC connectors, a source-driver (SD) PCB, and
the film-package interface to the receiver (RX), as shown in
Fig. 9(a). To verify CDR functionality at the RX, an indirect
lock-monitoring scheme was employed. Upon achieving phase
lock, the CDR generates a digital lock signal that activates
sequence logic to divide the recovered clock, producing a
synchronized logic clock (Fig. 9(b)). The lock status is then

(*) indicates a lock success within the target spec range (S) represents a lock failure within the specified spec range

(.) indicates a lock success outside the target spec range (F) represents a lock failure outside the specified spec range
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Fig. 10. Shmoo plot illustrating the CDR’s locking characteristics by mapping
the success (PASS) and failure (FAIL).

TABLE I
PERFORMANCE SUMMARY AND COMPARISON.

TABLE I  
PERFORMANCE SUMMARY AND COMPARISON

Parameter This Work ISSCC’16 [2] JSSC’22 [1] TCAS Ⅱ’21 TCAS Ⅱ’20 
Process [nm] 180 180 180 180 180 
Modulation NRZ NRZ NRZ NRZ NRZ 
Clocking Scheme Embedded Embedded Embedded Embedded Embedded 
Supply Voltage [V] 1.8 1.8 1.8 1.8 1.8 
Power Efficiency [pJ/b] 5.025 NA 41.5 22.96 5.88 
Data rate (Gb/s) 1.2  ̶  3.4 6 5.2 0.32  ̶  2.7 0.42  ̶  3.45 
Insertion Loss [dB] 6-16 24 6-29 NA NA 
Recovered Clock Jitterpp [ps] 31.09 47.6 72.9 75.4 29.8 
Area (mm2) 0.307 2.7 0.75 NA 0.44 
N/A = Not addressed. 

classified as PASS when the divided clock remains stable and
the lock signal persists, indicating correct data recovery, or
FAIL when these conditions are not met, indicating unsuccess-
ful locking, as shown in Fig. 9(b). This indirect method enables
reliable evaluation of CDR performance under real operat-
ing conditions while avoiding signal degradation from direct
probing. The CDR’s locking behavior is further quantitatively
assessed using a shmoo plot(Fig. 10) which systematically
maps lock success and failure across the operational design
space of input data rates (1.2–4.0 Gbps) and supply voltages
(1.4–2.2 V). As shown, robust operation was observed from
1.2–3.4 Gbps validating the CDR’s high-speed performance.
However, failures at the low frequencies and SS corners are at-
tributed to limited VCO tuning range under process variations.
While the shmoo plot offers insight into full-chip performance,
the results reflect system-level behavior, where failures may
arise from the CDR or other subsystems. In addition, the
correlation between the simulated eye diagram at the equalizer
output, triggered by the VCO clock (Fig. 8), and the measured
results confirms the proposed CDR’s resilience to process
variations. The performance summary of the proposed CDR
and its comparison with prior works are provided in Table I.

V. CONCLUSION
In this paper, a multiphase CDR with a novel glitch-free

BBPD was presented for large DDIs. The proposed CDR
achieves robust operation from 1.2 to 3.4 Gb/s while address-
ing key high-speed interface challenges through three design
enhancements: (1) NAND-based logic eliminates sampling
glitches from asynchronous data–edge interference; (2) invalid
data from sampler precharge operations are automatically
filtered; and (3) direct signal path in BBPD minimizes loop
latency and LCOs. The Measurement results show an output
jitter of 97 ps (0.388 UI at 4 Gb/s). In addition, a shmoo plot
confirms the robust operation of the proposed multiphase CDR
across a 1.4–2.2 V supply range.
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