IDEC Journal of Integrated Circuits and Systems, VOL 12, No.3, July 2026

http://www.idec.or.kr

A 6-Bit 2GS/s Sampling-Rate 27.8fJ/Conversion-
Step 610-um? Successive Approximation Register
Time-to-Digital Converter

Youngwoo Kwon' and Hyungil Chae?
Department of Electrical and Electronics Engineering, Konkuk University
E-mail : youngwooOO@konkuk.ac.kr

Abstract - This paper proposes a small-area, low-power, and
high-speed 6-bit SAR time-to-digital converter (TDC) for time-
interleaved ADCs. The proposed architecture utilizes a
selective delay tuning (SDT) cell to achieve a relatively large
reference time step (Tise) of 4 ps. A Tise of 4 ps provides
sufficient margin to ensure that the SAR TDC’s performance
remains dominant over the jitter from voltage-to-time
converter (VTC) and TDC delay line thereby preventing SNDR
degradation. Fabricated in a 28nm CMOS process, the
proposed TDC occupies an active area of only 610 um?
Proposed SAR TDC consumes 2.8mW from a 0.9V supply
voltage. At a sampling rate of 2 GS/s, the design achieves an
SNDR of approximately 36 dB. The proposed TDC
demonstrates a compact area compared to prior arts and
achieves a Nyquist FoMw of 27.8 fJ/conv-step.

Keywords— Analog-to-Digital Converter, Time-to-Digital
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1. INTRODUCTION

High-speed data transmission and acquisition systems
have driven increasing demand for high-speed (> 10 GS/s) ,
medium resolution (6~8 bits) Analog-to-Digital Converters
(ADC). For this reason, the importance of Time-Interleaved
(TT) ADCs has been increasing. In TI ADC architectures, the
overall sampling rate increases proportionally with the
number of slice ADCs, while the area also scales linearly.
Although increasing the number of interleaving factor
theoretically enables arbitrarily high sampling rates, non-
idealities such as mismatch between slice ADCs, timing
skew, and gain error become more pronounced as the
number of slices increase. Therefore, minimizing the
interleaving factor is critical for achieving high performance.
Consequently, improving the speed and area efficiency of a
single slice ADC is essential in TI ADC design.
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Among various TI ADC implementations, voltage-
domain ADCs such as Successive Approximation Register
(SAR) ADCs and Charge-Injection (CI) SAR ADCs are
widely adopted as slice ADCs. SAR ADCs are commonly
used in TI ADC architectures due to their high linearity and
excellent energy efficiency. However, achieving sampling
rate beyond 1 GS/s at medium resolution remains
challenging. In [1], a conventional SAR ADC is employed
as a slice ADC, achieving a FoMw of 47 fJ/conv-step.
Nevertheless the sampling rate of a single slice ADC is
limited to 875 MS/s, requiring more then ten slice ADCs to
achieve an overall sampling rate exceeding 10 GS/s. To
address this limitation, [2] improves the sampling rate of a
single slice ADC to 1.15 GS/s by adopting loop unrolling.
However, this approach requires multiple comparators,
resulting in increased area per slice. In addition, comparator
offset mismatch in TI ADC architectures can further degrade
performance. Another voltage domain ADC, the CI SAR
ADC, is also widely used due to its high speed and compact
area [3]-[6]. The CI SAR ADC operates by sequentially
discharging the sampling capacitor in a binary manner using
multiple Cl-cells. Since CI cells can be reused during
conversion, the overall area can be significantly reduced
compared to SAR ADCs. However, as the conversion
progresses, the voltage on the sampling capacitor
continuously  decreases, which degrades linearity.
Furthermore, similar to SAR ADCs, the sequential nature of
the conversion limits the achievable sampling rate.

To overcome the speed limitations of conventional voltage
domain ADCs, hybrid (voltage domain + time domain)
ADCs and time-domain ADCs have been actively
investigated. A hybrid ADC partitions the overall conversion
process between the voltage domain and the time domain,
where each domain resolves a portion of the total bits [7]-
[9]. Typically, the MSBs are first converted in the voltage
domain, and the residue voltage is then converted into the
time domain input signal using a Voltage-to-Time Converter
(VTC). The remaining LSBs are subsequently resolved by a
TDC. Alternatively, a reverse approach can be employed,
where the MSBs are first resolved in the time domain,
followed by conversion into the voltage domain using a
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Time-to-Voltage Converter (TVC), and the remaining LSBs
are then processed in the voltage domain. However, in this
case, the VTC, TVC, and SAR conversion must all be
completed within a single clock cycle, which limits the
achievable sampling rate compared to the former approach.
By leveraging VTCs and TVCs, hybrid ADCs can perform
voltage-domain and time-domain conversions in a pipelined
manner, enabling higher speed compared to conventional
voltage domain ADCs. However, when employed as slice
ADC in TI ADC architectures, gain mismatch between the
voltage and time domains must be calibrated for each slice,
resulting in increased system complexity.

In contrast, time-domain ADCs convert the sampled
input voltage into the time domain using a VTC and perform
the entire conversion in the time domain [10]-[15]. Since no
voltage domain conversion is involved, this approach
enables very high speed operation. Among various time-
domain ADC architectures, the SAR TDC achieves high
speed by enabling pipelined operation across conversion
stages. In addition, compared to TDC architectures such as
flash-based TDC, it features a shorter conversion path,
leading to lower power consumption and compact footprint.
For these reasons, the time-domain ADC using SAR TDC
architecture is well suited as a slice ADC in TIADC systems.

This paper proposes a high-speed, low-power, and area-
efficient ADC based on a SAR TDC architecture. The
reference time step (Trsg) is determined based on the ideal
SNR requirement, and a selective delay tuning (SDT) cell is
used to generate accurate binary scaled delay steps. By
leveraging the inherent advantage of the SAR TDC
architecture, all conversion stages are fully pipelined to
achieve high conversion speed [15]. In addition, two
redundant bits are introduced at the end of the LSB
conversion stage to effectively mitigate accumulated
decision errors of the time comparator and mismatch in the
SDT cells, thereby improving overall conversion accuracy.

1. DESIGN METHODOLOGY

A. Proposed SAR TDC Architecture

Fig. 1 shows the overall architecture of the proposed SAR
TDC. A 20-fF sampling capacitor is used for input signal
sampling, and a 40-fF capacitor is employed at Vyrc node
for the VTC operation. Since the input signal does not
require a large input swing, a transmission gate is used for
the input switch instead of a bootstrapped switch.

Fig. 2 shows the timing diagram of the proposed SAR
TDC. Using the SH signal, the input signal is sampled on to
VTOPp and VTOPx. Afterward, when the VTC_EN signal
goes high, the VTC operation begins. At the same time,
VTOPr and VTOPy are discharged. During this process,
when the voltages of VTOPp and VTOPx fall below the
threshold voltage of the sensing inverter in the VTC, Tp and
Ty signals which serve as the inputs to the TDC goes high
thereby initiating the TDC operation. Since all stages of the
TDC are pipelined in a loop-unrolling manner, the next input
signal can be sampled immediately after the VTC operation
is completed, enabling a high sampling rate of 2 GS/s.
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Fig. 1. Overall architecture of the proposed SAR TDC
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Fig. 2. Timing diagram of the proposed SAR TDC
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B. Determination of the T.sg in SAR TDC

Several factors degrade the SNDR of a SAR TDC, among
which the most dominant ones are the jitters originating from
the delay line and the VTC. As the conversion proceeds
toward the LSB, the jitter from the delay line accumulates,
which degrades the overall performance. The ideal SNR of
the SAR TDC can be calculated as (1). TiLse denotes the
reference time step of the SAR TDC, while ojvc and oj1pc
represent the jitter originating from the VTC and the TDC
delay line respectively. As can be observed from (1), in order
to achieve the desired SNR in a SAR TDC, the jitters from
the VTC and the delay line should be minimized, while Tsg
should be increased. In [8], the ideal SNR of a SAR TDC was
calculated similar to (1), but ojvrc Which occupies a similar
portion as ojtoc Was neglected in the calculation process.
From simulation results, the measured o;jvrc and ojoc Were
420 fs and 358 fs, respectively. In this work, for a 6-bit target
SAR TDC, the calculated value of the Tysg is 4.3 ps in order
to achieve the ideal SNDR of 37.88 dB corresponding to a 6-
bit resolution. However, increasing Tisg proportionally
increases the time-domain full-scale range, which in turn
reduces the achievable sampling rate of the SAR TDC.
Therefore, considering both speed and SNR, this work
adopted 4-ps reference time step.

C. Circuit implementation

Fig. 3 illustrates the architecture of the VTC employed in this
work [8]. Prior to the VTC operation, the bottom plates of
the two sampling capacitors are precharged to Vpp by the
VTC _ENb signal. Once the sampling is complete, the
VTC_EN signal triggers the discharge of this bottom plate.
Consequently, the voltages at nodes VTOPp and VTOPy

decrease. When they fall below the sensing inverter's
threshold voltage, the Tp and Ty signals go high, generating
the time-pulse signals that serve as the input for the SAR

TDC. Since the bottom plates of two sampling capacitors are
connected and a single current source is used, mismatch
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between current sources is eliminated, resulting in improved
performance. To minimize the VTC conversion time for
higher sampling rate, the input common-mode voltage was
set near the threshold voltage of the sensing inverter.
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Fig. 3. VTC structure used for SAR TDC
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Fig. 4. Simulated SNDR/SFDR plot of VTC by sweeping supply voltage
and temperature

Fig. 4 shows the simulated SNDR and SFDR of the VTC
while sweeping temperature and supply voltage. The result
shows stable performance of the VTC across varying
temperature and supply voltage.

Fig. 5 illustrates the architecture of the (6+2) bit SAR
TDC employed in this work [8], and Fig. 6 shows the SDT
cell used in this work. The SDT cell changes the pull-down

current at the MID node according to the time comparator's

decision result SelP,N, thereby making the desired delay.
Compared to the traditional SAR TDC structure employing
capacitors and MUXSs, the SDT cell-based approach reduces
the total transistor making the delay difference, thereby
achieving a more compact area. A delay cell is inserted
between the stages to prevent the time pulse signal from

reaching the SDT cell input before the comparator’s decision

result is fully resolved. The binary scaled delay is achieved
by appropriately changing the size of the SDT cells. As
shown in [14], two redundant bits are inserted at the end of
the conversion line. These redundant bits serve to
compensate for the accumulated errors within the TDC
during the conversion process. For these bits, weights of 2-
LSB and 1-LSB are employed. Since all steps of the SAR
TDC are fully pipelined in the proposed architecture, only
the sampling and VTC operation need to completed within a
single phase. Therefore, it was possible to achieve high
sampling rate of 2 GS/s. The variations in the SDT cell were
compensated by employing redundant bits and digital
foreground weight calibration.

The time comparator used for the decision in SAR TDC is
shown in Fig. 7 [13]. It begins to operate asynchronously
upon the input arrival, and a simple NOR gate is used to

generate CLKDetect to catch the time comparator’s output.

MS5 and M6 are the input devices, and the earlier of TP and
TN determines the regenerative latch (M1-4) output VP,N.
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The devices M7-10 are reset switches to prevent any glitch
the following SR latch, which generates SelP,N signal used
for the SDT cells. To enable pipeline operation, multiple flip-
flops are connected in series, and all outputs are aligned
using the CLK petect signal of the final stage.

z Sely<o>
Selpcos

—
Tdel — Tinv
M;
Sel -1 MID T""‘""Ek”’m_
M; S
MIDP,N<n> ; ! /
——{[LM, 7

) TP,N<n-1> :{ :; \

Tin—2"T;s8
Fig. 6. SDT cell used for SAR TDC
Ve
sel,
TN—I M; M l" —lIJMz M, l_TP i
L | MU P | L Sely
M |_ _| Ma SR latch
Selv—D Q [=Dour
| Mo ] T CLKpeter
1 . D e

Fig. 7. Time comparator for SAR TDC

11l. MEASUREMENT RESULTS

Proposed SAR TDC is fabricated with 28-nm CMOS
process. The core area is 10.3 um by 61 um. Fig. 8 shows the
die photo and core layout. The supply voltage of this ADC is
0.9V, with a 0.56-V differential p-p input voltage range with
an input Vem of 0.7 V. The variation of the SDT cell is
calibrated in the digital domain using digital foreground
calibration. Fig. 9 shows the output power spectral density
measured at a sampling rate of 2 GS/s with inputs of 297.7
MHz and 997.7 MHz. The maximum SNDR is measured to
be 36.28/35.81 dB respectively, and the SFDR is 52.45/48.93
dB. Fig. 10 (left) shows the measured SNDR/SFDR while
sweeping sampling frequency from 1.3 GHz to 2 GHz. Fig.
10 (right) shows the measured SNDR/SFDR while sweeping
input frequency from 297.7 MHz to 997.7 MHz. Fig. 11
shows the measured DNL and INL, which are -0.38/0.31
LSB and -0.24/0.28 LSB respectively. Fig. 12 (left) shows
the measured dynamic range, which is 36 dB. Fig. 12 (right)
shows the power breakdown of the proposed SAR TDC.
SAR TDC consumed the largest portion of the total power,
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followed by the VTC+SW and DATA Align blocks. The total
power consumption of the proposed SAR TDC was 2.8 m
Wat sampling rate of 2 GS/s. TABLE I summarizes the
performance of the proposed ADC and compares it with
state-of-the-art for similar Time-domain ADCs and voltage
domain ADC. Compared with other time-domain ADCs, the
proposed ADC achieves a high speed-per-area performance
than other time-domain ADCs, while maintaining a
competitive FoMy. Compared to voltage domain ADC, a
much higher sampling rate is achieved.
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IV. CONCLUSION

This paper presents a compact area and high-speed SAR
TDC. The proposed ADC utilizes a SAR TDC architecture
and achieves lower power consumption and smaller area
compared to other time-domain ADCs. In addition, the
dominant factor that degrade the SNDR of a SAR TDC,
namely the jitter from the VTC and the jitter from the TDC
delay line, are analyzed to determine a relatively large 4-ps
reference time step. Furthermore, 2-bit redundant bits are
inserted after the 6-bit SAR TDC to compensate for the SDT
cell mismatch and decision errors from the time comparator.
As aresult, the proposed 6-bit target ADC achieves an SNDR
of 35.81 dB with a Nyquist input, resulting in a competitive
Walden FoM of 27.8 fJ/conv-step. Moreover, very small area
of 610 um? makes this design suitable for slice ADC in TI
ADCs.

TABLE I. Performance Summary and Comparison

This Work [14] [11] [12] [10] [21
. Interpolation | GRO based
Architecture SAR TDC SAR TDC SAR TDC TDC ToC SAR ADC
Technology[nm] 28 4 14 28 28 28
Supply [V] 1 0.9/0.75 0.8 1 1 11
# Channels 1 4 1 4 1 4
Sub-channel Fs
[GSls] 2 4 5 25 2 1125
Resolution [bits] 6 10 8 8 7 7
SN D[F;B@]D WA g5 5 4038 401 36.85 39.72
Power [mW] 2.8 94.2 7.4 232 3.65 6.56
Sub-Channel
) 610 2000 1425 23750* 4000 7290*
Area [um]
FoM, [flcomv- | 7 g 29 166 615 314 185
step]
FOMqgie] dB1 151.4 153.8 156.1 150 151.2 155.07
*estimated
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