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Abstract

This letter presents the design and measurement results of a 2.5 GS/s 7-bit successive approximation register (SAR) analog-to-

digital converter (ADC) with real-time data output via the JESD204B protocol using two lanes at 12.5 Gb/s each. The ADC

is implemented in a 22-nm fully-depleted silicon-on-insulator (FDSOI) technology and consists of four time interleaved ADC

cores. It consumes 43 mW overall, while the analog frontend including the four ADC cores and the interleaver consumes only 7.8

mW. In the first Nyquist zone, the effective number of bits (ENOB) is larger than 6.1 bit leading to a Walden Figure-of-Merit

(FOM W) of 45 fJ/conv.-step and a Schreier Figure-of-Merit (FOM S) of 150.5 dB. Integral (INL) and differential nonlinearity

(DNL) are both well below 0.5 LSB for all measurement scenarios.
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This letter presents the design and measurement results of a 2.5 GS/s
7-bit successive approximation register (SAR) analog-to-digital con-
verter (ADC) with real-time data output via the JESD204B protocol
using two lanes at 12.5 Gb/s each. The ADC is implemented in a 22-nm
fully-depleted silicon-on-insulator (FDSOI) technology and consists of
four time interleaved ADC cores. It consumes 43 mW overall, while the
analog frontend including the four ADC cores and the interleaver con-
sumes only 7.8 mW. In the first Nyquist zone, the effective number of
bits (ENOB) is larger than 6.1 bit leading to a Walden Figure-of-Merit
(FOMW) of 45 fJ/conv.-step and a Schreier Figure-of-Merit (FOMS) of
150.5 dB. Integral (INL) and differential nonlinearity (DNL) are both
well below 0.5 LSB for all measurement scenarios.

Introduction: Modern wireless communication as the 6th generation of
mobile communication standard (6G) aim to achieve very high data rates
e.g., as high as 1,000 GB/s [1]. On the other hand, power efficiency
becomes the most critical point of handheld devices. Typical radio fre-
quency (RF) frontends consist of analog pre-processing containing RF
transmitter and/or receiver, and digital post-processing. In between, the
signal is converted from analog to digital and vice versa. Talking about
the RF receiver path, the analog-to-digital converter became one of the
most power hungry components. Thus, high-speed and power efficient
ADCs are strongly required these days. The resolution depends on the
targeted application. In some cases, a very high resolution e.g., 24 bit,
is required at the costs of a significantly lower speed and higher power
consumption [2]. A moderate resolution of 7 bit is a good compromise
for many applications, like phase modulated continuous wave (PMCW)
radar systems [3]. However, even for 7 bits, ultra-fast flash-ADCs, as
demonstrated e.g., for 24 GS/s with 3 bit resolution [4], require high
number of comparators and, hence, large chip area and consume much
power. Recently, we demonstrated an 8-bit successive approximation
register (SAR) ADC consuming only 1.73 mW at a maximal sample
rate of 1.25 GS/s [5]. More recently, we also designed and measured
a 7-bit ADC with an even higher speed of 1.7 GS/s while consuming
only 1.38 mW [6]. However, the requirements of even higher data rates
with a very low power consumption at the same time, can barely be ful-
filled using single-core ADCs rather than advanced concepts like time
interleaving (TI) of multiple ADC cores. In this work, we describe a
time interleaved SAR ADC consisting of four ADC cores. A real-time
data output is implemented using the JESD204B readout interface. This
interface with two lanes each operating at 12.5 Gbit/s is well suited for
a broad range of applications with the ADC being integrated in a larger
system.

Circuit Description: To prove the concept of the a TI SAR ADC with
real-time data output, it was designed and manufactured using a 22-nm
fully-depleted silicon-on-insulator (FDSOI) technology. The schematic
of the 4× TI ADC is shown in Figure 1. It consists of four SAR ADC
cores based on the alternating-comparator concept. In this letter, we
focus on the description of the interleaver system. The ADC contains
mainly five different components: 1) an input-matching network for the
differential inputs. 2) a bootstrap sampling switch as well as two 45-
fF sampling capacitors as track-and-hold unit, 3) a reset switch shorting
both differential inputs for a short, well defined period, 4) a buffer ampli-
fier decoupling the input network from the high capacitive load of the
ADC cores, 5) the four ADC cores. The ADC is clocked with a 2.5 GHz
clock generated by a clock divider using an external 12.5 GHz clock also
utilized for the JESD20B interface. This clock is further divided by four
and shaped in another building block (clock generation) as shown in the

second large building block from the top. Here, the reset signal men-
tioned above is generated as well. Additionally, another clock divider by
factor two is used to generate a 6.25 GHz clock for the real-time readout
using JESD204B. The clocking structure of the ADC was carefully opti-
mized to ease the implementation of the JESD204B interface. We used
two output lanes, each providing a data rate of 12.5 Gbit/s to achieve a
real-time data output (up to 25 Gb/s). As mentioned above, the 12.5 GHz
input clock to the chip is divided by 5 also to generate the ADC clock:
Doing so, only a single clock signal needs to be supplied to the chip.
Thus, no synchronization between different clock domains is needed,
massively simplifying the design of the JESD204B interface. The tim-
ing diagram is shown at the bottom of Figure 1. As can be seen, all
four ADC cores are activated successively and the input clock is shaped
to a duty cycle of 25% (clksmpl,master). Furthermore, a serial periphery
interface (SPI) is implemented and used to configure the chip. As it is
a time interleaved ADC, mismatch between the individual ADCs can
cause impurities in the spectrum. For that, a gain calibration is included,
such that the reference voltage for each of the four sub-ADCs can be set
individually with 10 bit accuracy. The offset of the comparator is cali-
brated in background within each sub-ADC. The data are send via the
real-time JESD204B transmitter with two lanes as mentioned above and
a limited number of values is additionally stored in on-board memory.
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Fig 1 Block diagram of the entire testchip including I/O and details to clock
generation.

Measurement Setup: The measurement setup is shown in Figure 2. The
chip is bonded to a printed circuit board (PCB) to form the device-under-
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test (DUT) as shown in Figure 3. The overall chip size including pads,
I/O cells, and memory is approximately 1 mm2 while the analog frontend
including the four ADC cores, the interleaver, and the real-time data out-
put occupies only approximately 0.10 mm2. Two sine wave sources were
used to generate the input and clock signals for the ADC. For the input
signal, a balun and bias tees were used to generate the required differ-
ential signal. A measurement was started with a positive SYSREF pulse
generated by a waveform generator. This enables the real-time data out-
put of the ADC chip and on the same time triggers the real-time oscillo-
scope (Keysight UXR-0702AP) to capture about 10 µs of the JESD204B
bitstream. The captured data of the scope were then transferred to a PC,
where the JESD204B decoding takes place and the ADC data is eval-
uated (e.g., calculation of the spectrum). An SPI is used to configure
the chip as mentioned above. Thus, a 0.8 V-to-3.3 V levelshifter PCB is
required (cf. Figure 3). To adjust the supply voltages of I/O cells, ADC
core, interleaver, and digital part separately and monitor the power con-
sumption of each block, four different supply voltages were used all in
the range of 0.7 V and 0.9 V.

ADC

balun
(Hyperlabs
HL9407)

signal generator
(Rhode &
Schwarz

SMA-100B)

clock generator
(Keysight
E8257D)

USB to SPI
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real-time scope
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levelshifter
PCB

0.8V to
3.3V

lane2_Plane1_P
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SYSREF_TX

export waveform

decode JESD204B

calc fft

Fig 2 Block diagram of the measurement setup.

Fig 3 Microphotograph of chip and PCB used for the measurements.

Measurement Results and Discussion: The spectra were calculated
using the decoded waveforms from the JESD204B bitstream. As can be
seen in Figure 4.a, the spurious-free-dynamic range (SFDR) of 53.5 dB
is reached at low input frequencies, where the largest harmonic is located
at 𝑓𝑐𝑙𝑘/4. As these tones are well below the achieved signal-to-noise-
and-distortion ratio (SNDR), the ADC is noise limited at low input fre-
quencies and the distortions do not have a significant impact. Figure
4.b and Figure 4.c show further spectra near the Nyquist frequency and
near a 12.5 GHz input frequency. The performance is mostly equal at the
Nyquist frequency, showing the good performance of the ADC. Even
at 10 times the Nyquist frequency (10×1.25 GHz), the SFDR is above
34 dB. The noise floor is a little higher at 12.5 GHz due to the clock
jitter, which is much more severe at the high input frequency. As a sum-
mary, Figure 4.d shows the measured SNDR and SFDR versus the input
frequency for the whole band of interest. From the SNDR, the effective
number of bits (ENOB) at fullscale (FS) input can be calculated using
the well-known equation

𝐸𝑁𝑂𝐵 =
𝑆𝑁𝐷𝑅 − 1.76

6.02
. (1)

The calculated ENOB is depicted in Figure 4.e. It is above 6.1 bit at
low input frequencies (for the first Nyquist zone) and degrades towards
higher input frequencies due to noise (jitter) and spurs. Up to 2 GHz
input frequency (above Nyquist), the ENOB stays above 6 bit and up
to 6 GHz the ENOB is still above 5 bit. At the highest input frequency

of 12.5 GHz, the ENOB degrades to 4.5 bit, which is still a remarkable
value considering the sample rate of only 2.5 GS/s. Finally, the static
nonlinearity of the ADC is measured as depicted in Figure 4.f with
the histogram-based method and a sine-wave input at low frequency.
The integral (INL) and differential nonlinearity (DNL) are well below
0.5 LSB. Thus, the static nonlinearity does not limit the ADC. The power
consumption of approximately 43 mW divides as follows: the power
dissipation of the digital part of 20.6 mW is dominating the chip. It is
needed for the JESD204B readout circuitry and the leakage current for
the on-chip memory. The I/O supply is used mostly for the common
mode logic (CML) driver outputs as well as for the clock input buffer.
The power consumption of the ADC itself (cores and interleaver) is just
7.8 mW. In the first Nyquist-zone (ENOB >6.1 bit) the ADC achieves
a Walden Figure-of-Merit (FoMW) of 45 fJ/conv.-step and a Schreier
Figure-of-Merit (FoMS) of 150.5 dB.

Comparison with State of the Art: The presented ADC compares well
with state-of-the-art devices. However, some recent works demonstrated
also remarkable results, especially those using heavily interleaved SAR
ADCs. Two examples using with 64× are the work of Seual et al. [7]
and Liu et al. [8] both presented in 2022. In [7], an extremely high sam-
ple rate of 112 GS/s was achieved, but the overall power consumption
was quite high with 315. 2 mW and 189.1 mW overall and for the ADC
only, respectively. In [8], a very effective 10 GS/s ADC was presented
providing a FoMW of 24.6 fJ/conv.step and a FoMS of 152.6 dB. Both
of these works utilized an advanced 5 nm CMOS process, which offers
very good conditions for high-speed digital design as well as area and
power efficiency. On the other hand, however, analog and RF design
remains challenging in this technology and the costs are still very high.
We used an established 22 nm FDSOI technology, which also provides
good capability for fast and power-efficient digital design and, addition-
ally, is one of the best choices for RF design as demonstrated in several
works e.g., [9][10][11]. Hence, a monolithic integration of the RF fron-
tend and high-speed ADC is feasible in this technology and, thus, proba-
bly better suited for the latter application. Furthermore, our design offers
a real-time data output via JESD204B, what was not shown in the above
mentioned works. Here, another interesting recent example represent-
ing the state of the art is a 50 GS/s TI-ADC with real-time data output
[12]. Still, in this case the power consumption is as high as 894 mW,
which is approximately 100 times higher than the power consumption
of our ADC, while the speed is only 20 times higher. Still, this is also
an impressive work and it utilizes an older 40 nm technology and 128×
TI. In our design, the sample rate per ADC core is higher compared to
[8][12] and the power efficiency per ADC core is lower compared to
[7][12] and we expect a sampling rate of 40 GS/s and 80 Gs/s with a
power consumption of approximately 150 mW and 300 mW for future
64× and 128× TI, respectively.

Conclusions and Outlook: We designed and measured a high-speed
(2.5 GS/s) time-interleaved 7 bit SAR ADC with a power consumption
of 43 mW while the ADC itself consumes only 7.8 mW using an estab-
lished 22 FDSOI technology also well suited for RF design. Despite
to the majority of the previous works, this chip includes a real-time
data output via JESD204B. Simulations and previous measurements on
single-core test chips suggest that this type of 4× TI ADC should be able
to achieve even higher data rate of up to 5 GS/s with an only slightly
higher power consumption, but in this case the I/O interface has to be
adjusted and real-time readout would be more challenging. In the future,
we will implement TI-ADC consisting of more ADC cores (e.g., 16). In
this case, we expect sampling rates of up to 24 GS/s with a power con-
sumption of approximately 35 mW. Additionally, we will further opti-
mize ADC core and interleaver and interleave even more cores as dis-
cussed in the previous section.
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Fig 4 Measurement results: spectra for different input frequencies and sample rate of 2.5 GS/s (a-c), SFDR, SNDR (d), ENOB (e) against input frequency and
static nonlinearities INL, DNL (f).

Table 1. Comparison with state of the art

Ref.,
year

𝑓𝑆
a

(GS/s)
Resolution
(ENOBb)

Power
(mW)

FoMW
(fJ/c.s.c)

Readout
interface Type

Core area
(mm2)

FOMS
(dB) Technology

[4]
2016 24 3 (2.2) 410 3607

real-time
(only 3b) Flash 0.12 119.7 28 nm FDSOI

[5]
2022 1.25 8 (6.86) 1.73 11.9

on-chip
mem., SPI SAR 0.0025 158.6 22 nm FDSOI

[12]
2021 50 8 (5.82) 894 317

real-time
16-lane TX

128× TI
SAR 1.232 142.3 40 nm FDSOI

[7]
2022 112 6 (4.5)

189.9d

(315.2) 75.9
- (64K

PAM-4)
64× TI
SAR 0.34 143.6 5 nm CMOS

[8]
2022 10 8 (5.82) 14.8 24.8 -

64× TI
SAR 0.0029 152.6 5 nm CMOS

This
2023 2.5 7 (6.1)

7.8d

(43) 45.4 JESD204B
4× TI
SAR 0.10 150.5 22 nm FDSOI

a 𝑓𝑆 : sample rate b near Nyquist c c.s.: conversion step d power consumption of analog frontend

© 2023 The Authors. Electronics Letters published by John Wiley &
Sons Ltd on behalf of The Institution of Engineering and Technology

This is an open access article under the terms of the Creative Commons
Attribution License, which permits use, distribution and reproduction in
any medium, provided the original work is properly cited.
Received: 26 January 2023 Accepted: DD MM YYYY
doi: 10.1049/ell2.XXXX

References
1. Tataria, H., et al.: 6G Wireless Systems: Vision, Requirements, Chal-

lenges, Insights, and Opportunities. Proceedings of the IEEE 109(7),
1166–1199 (2021). doi:10.1109/JPROC.2021.3061701

2. Steensgaard, J., et al.: A 24b 2MS/s SAR ADC with 0.03ppm INL and
106.3dB DR in 180nm CMOS. In: 2022 IEEE International Solid- State
Circuits Conference (ISSCC), vol. 65, pp. 168–170. (2022)

3. Guermandi, D., et al.: A 79-GHz 2 × 2 MIMO PMCW Radar SoC in
28-nm CMOS. IEEE Journal of Solid-State Circuits 52(10), 2613–2626
(2017). doi:10.1109/JSSC.2017.2723499

4. Tretter, G., et al.: Design and characterization of a 3-bit 24-GS/s Flash
ADC in 28-nm low-power digital CMOS. IEEE Trans. Microw. Theory
Techn. 64(4), 1143–1152 (2016)

5. Buhr, S., et al.: An 8 bit 1.73mW 1.25 GS/s Single-Core SAR ADC in
22 nm FDSOI CMOS. In: 2022 17th European Microwave Integrated
Circuits Conference (EuMIC), pp. 260–265. (2022)

6. Buhr, S., et al.: A 1.38-mW 7-Bit 1.7-GS/s Single-Channel Loop-

Unrolled SAR ADC in 22-nm FD-SOI with 8.85 fJ/conv.-step for GHz
Mobile Communication and Radar Systems. submitted to IEEE Trans.
Microw. Theory Techn. (in revision) (2023)

7. Seual, Y., et al.: A 1.41pJ/b 224Gb/s PAM-4 SerDes Receiver with
31dB Loss Compensation. In: 2022 IEEE International Solid- State
Circuits Conference (ISSCC), vol. 65, pp. 114–116. (2022)

8. Liu, J., Hassanpourghadi, M., Chen, M.S.W.: A 10GS/s 8b 25fJ/c-
s 2850um2 Two-Step Time-Domain ADC Using Delay-Tracking
Pipelined-SAR TDC with 500fs Time Step in 14nm CMOS Technol-
ogy. In: 2022 IEEE International Solid- State Circuits Conference
(ISSCC), vol. 65, pp. 160–162. (2022)

9. Xu, X., et al.: A 28 GHz and 38 GHz High-Gain Dual-Band Power
Amplifier for 5G Wireless Systems in 22 nm FD-SOI CMOS. In: 2020
50th European Microwave Conference (EuMC), pp. 174–177. (2021)

10. Becker, M., et al.: Analysis and design of a 55–74 GHz ultra-compact
low-noise amplifier using highly asymmetric transformers. Electronics
Letters 58(21), 792–794 (2022). doi:10.1049/ell2.12608

11. Morath, H.P.E., et al.: A 3.6 mW 60 GHz Low-Noise Amplifier With
0.6 ns Settling Time for Duty-Cycled Receivers. IEEE Microwave and
Wireless Components Letters 31(8), 977–980 (2021)

12. Luan, J., et al.: A Real-Time Output 50-GS/s 8-bit TI-ADC with Dedi-
cated Calibration Techniques and Deterministic Latency. In: ESSCIRC
2021 - IEEE 47th European Solid State Circuits Conference (ESS-
CIRC), , pp. 487–490. (2021)

ELECTRONICS LETTERS wileyonlinelibrary.com/iet-el 3


