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Abstract: A stochastic signal detection circuit that uses a non-

linearity reduction technique is designed using a 65-nm CMOS process.

The fabricated chip demonstrates the feasibility of stochastic signal
detection at 500 MS/s.

Keywords: signal detection, comparator, mismatch, CMOS
Classification: Integrated circuits

References

1]

2]

S. C. Wong, K. H. Pan, and D. J. Ma, “A CMOS Mismatch Model and
Scaling Effects,” IEEFE FElectron Device Lett., vol. 18, no. 6, pp. 261-263,
June 1997.

T. Matsuoka, J. Wang, T. Kihara, H. Ham, and K. Taniguchi, “Low-
Voltage Wireless Analog CMOS Circuits toward 0.5V Operation,” IFICE
Trans. Fundamentals, vol. E93-A, no. 2, pp. 356-366, Feb. 2010.

K. Uyttenhove and M. S. J. Steyaert, “Speed-Power-Accuracy Tradeoff in
High-Speed CMOS ADCs,” IEEE Trans. Circuits Syst. II, vol. 49, no. 4,
pp. 280287, April 2002.

H. Ham, T. Matsuoka, and K. Taniguchi, “Application of Noise-Enhanced
Detection of Subthreshold Signals for Communication Systems,” IEICE
Trans. Fundamentals, vol. E92-A, no. 4, pp. 1012-1018, April 2009.

S. Weaver, B. Hershberg, P. Kurahashi, D. Knierim, and U.-K. Moon,
“Stochastic Flash Analog-to-Digital Conversion,” IEEE Trans. Circuits
Syst. I, vol. 57, no. 11, pp. 2825-2833, Nov. 2010.

J. Lin and B. Haroun, “An embedded 0.8 V/480 uW 6b/2 MHz flash ADC
in 0.13-pm digital CMOS process using a nonlinear double interpolation
technique,” IEFE J. Solid-State Clircuits, vol. 37, no. 12, pp. 1610-1617,
Dec. 2002.

353



IEICE Electronics Express, Vol.8, No.6, 353-359

1 Introduction

As CMOS technologies are scaled down for advantages in size and speed,
increased device mismatch [1] has become a more serious issue in circuit de-
signs. The supply voltages of RF and analog circuits embedded with digital
circuits will decrease to 0.5V in the near future [2]. Although some calibra-
tion techniques have conventionally been used to overcome increasing device
mismatch, the architectures of analog signal detection based on conventional
A /D converters (ADCs) are approaching their limit in maintaining resolution
under such a low voltage supply [3].

A completely new approach to detect a signal using statistics of device
noise and mismatch has been proposed by the authors [4]. Recently, a new
ADC, referred to as the stochastic ADC, has been reported [5]. It uses device
mismatch based on similar architectures. This previous study demonstrates
the feasibility of this approach using a 0.18-um CMOS process, but does not
show sufficient scaling advantages.

In the present letter, a signal detection circuit is presented to demonstrate
the feasibility of a high-speed-sampling stochastic approach that was designed
using a 65-nm CMOS process. We also demonstrate the effectiveness of a
non-linearity reduction technique using this approach.

2 Stochastic signal detection

Output Doy of an ideal comparator (Ayfreer = 0) becomes one or zero
according to the inequality relation between an input value Viy and the
reference value Vrgp. In a real comparator, the device mismatch, noise, and
clock jitter may cause an output error for the small difference Viny — Vrpr,
which can be modeled as an error signal Af s added to the reference, as
shown in Fig. 1 (a). The offset depends on circuit topology, device sizes, and
process parameters [1]. Due to device mismatch and process variation, input-
referred comparator offset is usually modeled as a Gaussian distribution,
as shown in Fig. 1(b), and their distribution can be estimated by Monte-
Carlo analysis under a device mismatch model [1]. Even noises generated in
the devices also can be estimated under the assumption of their Gaussian
distributions [2, 4]. Thus, the mean and standard deviation of input-referred
comparator offsets can be estimated and controlled to a certain extent in the
circuit design.

Considering an ensemble of N identical comparators, the probability
Prob(Doyr = 1) of obtaining Doyr equal to one for an input value Viy
can be estimated as a cumulative distribution function of a Gaussian distri-
bution, as shown in Fig. 1(b), and is expressed as follows:

1 1 Vin =V, n
Prob(Doyr =1) = 5 + ierf (\I/]%U—j:EF> N (1)
of fset

where n is the number of comparators for which output Doy is one. The
mean and standard deviation of input-referred offset A,y tse¢ can be obtained
from the input voltage giving n/N of 50% and 16 or 84%, respectively. Based
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Fig. 1. (a) Comparator with input-referred offset,
(b) probability density of Gaussian-distributed
comparator offset, (c) two groups of compara-
tors with shared input and different references,
and (d) probability density of the comparator
threshold (offset plus one of two references).

on comparator offset standard deviation o, estimated in circuit design
or experimentally as described above, the analog input voltage corresponding
to n/N can be restored by operation of the inverse error function as follows:

1
Vin = Vrer + V2 Oof fset erf~! <2 <% — 5)) . (2)

In other words, n/N represents the quantized value of the Gaussian cumula-
tive distribution of comparator thresholds.

In conventional flash ADC architectures, in order to achieve the desired
resolution, the standard variation of comparator offset must be maintained
sufficiently small. On the other hand, this stochastic signal detection tech-
nique uses the comparator offset without any calibration. This feature relaxes
careful considerations on the comparator offset.

In a previous study [4], we proposed a simple estimation method using
two groups of comparators with similar offset distributions and different ref-
erences, as shown in Fig. 1 (c), for real-time signal detection instead of using
Eq. (2). In order to restore the input signal, this method uses the sum of
Doyti (i denotes the comparator) of the two groups. Although this technique
causes non-linear distortion in the restored signal, which originates in the
Gaussian distribution, this distortion can be reduced by optimizing the ref-
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erences. Figure 1 (d) shows the probability density of the comparator thresh-
old (reference plus offset) in the two comparator groups, which is the sum
of Gaussian distributions with mean +Vzpr and standard deviation oogeet.
For VRgr = 04f fset, the distribution of the comparator threshold approaches
uniformity near zero through this technique. In this case, the non-linear
distortion originating in the comparator offset distribution can be reduced
for the input signal located between the two references. This non-linearity
reduction technique can be implemented by applying +oogmset estimated in
a Monte-Carlo simulation as reference voltages. The problem caused by a
difference between a simulated offset and a real value can be addressed by
using a slightly wider margin for a large number of comparators [4].

3 Circuit implementation

In the present study, a high-speed-sampling signal detection circuit shown
in Fig. 2(a) is designed as a prototype using a 65-nm CMOS process. The
prototype has a parallel configuration of pre-amplifiers, comparators, and
D-latches as well as an adder. Unlike the conventional flash ADC, each
comparator shares the reference voltage. The use of the comparator offset

Preamp Comparator Latch
________ Group A -

clk=eclkb -400 -200 0 200 400
OFFSET VOLTAGE (mV)

(c) (d)

Fig. 2. (a) Architecture of proposed signal detection
circuit with non-linearity reduction technique,
schematic diagrams of (b) the pre-amplifier and
(c¢) the comparator, and (d) simulated distribu-
tion of the offset of the comparators including the
pre-amplifiers referred at the pre-amplifier input.
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distribution to restore the input signal can eliminate the reference gener-
ator used in the conventional ADC. The high-speed-sampling feature can
reduce the number of comparators through over-sampling, as mentioned in
the previous study [4]. For this implementation, the number of comparators
is chosen to be 512 considering the required accuracy based on the previous
study [4]. Comparator outputs are followed by D-latch to maintain the out-
puts on the comparator sampling phase, and summed in the adder to obtain
binary output data.

In the single reference case mentioned in Sec. 2, Vrgr, and Vrpr,, in
Fig. 2 (a) are the same common-mode level Vips to obtain the zero differen-
tial reference. On the other hand, in the two-reference case with non-linear
distortion reduction, Vggr, and Vrer,, are chosen to be Vo +0,¢ fset/2 and
Voum — 0offset/2. In this case, the comparators are divided into two groups
of 256 comparators with differential references of —o,ffser and +oof fset, re-
spectively.

The pre-amplifiers shown in Fig. 2 (b) have low gain (Gain = 3.8dB)
and a wide bandwidth (BW_3g4p = 2 GHz) for a high-frequency signal. To
reduce common noise in the parallel configuration, which degrades the S/N
of the output, the comparator topology suppressing the kickback noise, as
shown in Fig. 2 (¢) [6], is used. Since comparator offsets that originate mainly
in device mismatch are used in the present study, small devices were used.
Figure 2 (d) shows the input-referred offset distribution obtained in Monte-
Carlo simulation. The standard deviation of input-referred offset is expected
to be quite large due to small-size transistors used in comparators and pre-
amplifiers. With comparator offsets of such magnitude, sufficient resolution
would be difficult in conventional circuit techniques.

4 NMeasurement results

A micrograph of the test chip fabricated in the 12-metal 65-nm CMOS process

is shown in Fig. 3 (a). The core area is 1.44 mm?

. DC-cut capacitors and
1002 resistive termination for a differential input terminal are embedded
on the chip. The measurements are performed with a supply voltage of
Vpp = 1.2V and an estimation signal amplitude of o045 = 95mV. The
common-mode level Vs is set to Vpp/2 (= 600mV). The 512 comparators
can be divided into two groups of 256 comparators, and each group has a
differential reference, as described in Sec. 3.

Figures 3 (b) and 3 (c¢) show the fast Fourier transform (FFT) spectra of
the measured output data for a differential input signal with an amplitude
of 200mV (approximately 2 o4ftst) and a frequency of 101.5625 MHz with
500 MS/s sampling. With all 512 comparators acting as a single parallel
group, a spurious free dynamic range (SFDR) of 16 dB and a signal-to-noise
and distortion ratio (SNDR) of 6.2dB are achieved. When differential refer-
ences of Vo & 0offset/2 are set, an SFDR of 26 dB and an SNDR of 8.7dB
are obtained. Although the post-layout simulation results predict an SFDR
of 35dB and an SNDR of 29dB with the same two references for the same
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Fig. 3. (a) Microphotograph of the test chip and a screen

capture of the layout.

FFT spectrum of the

output data (25,536 points) for Viy = 200mV,
f[N = 101.5625 MHZ, and fsampling = 500MS/S
using (b) the nominal (Vreryp, VRErn = Vour +
0mV) and (c) the non-linearity reduction tech-
nique (Vrerp = Vou +45mV, Vergr, = Vou —
45mV), and (d) SFDR versus differential input
voltage at fry = 101.5625 MHz and fsampling =

500 MS/s.

250
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input signal at 1.6 GS/s, a large discrepancy of measured SNDR from the
simulated one comes from signal integrity problem of the output buffers.
Therefore, in the present letter, we focus only on the SFDR.

Figure 3 (d) shows the SFDR as a function of the differential input signal
amplitude. In the single parallel group case, a maximum SEFDR of 16dB is
achieved. By setting the differential references to Von £ 0offset/2, a max-
imum SFDR of 26dB is achieved near the differential input amplitude of
2 0offset- The harmonic distortion originating from the comparator offset
distribution is reduced by 10dB in the SFDR using the non-linearity re-
duction technique. The SFDR becomes better until the differential signal
amplitude approaches 2 o, fset, N0t 0415t This is because the increase in
the fundamental signal component is larger than the increase in harmonic
distortion in this input signal amplitude range.

At 500 MS/s, this test chip consumes approximately 51 mW, including
14 mW for pre-amplifiers, 3mW for the comparators, and 19 mW for the clock
buffers. This indicates that a great deal of power is consumed in clock buffers
and digital circuits (adder and D-latches) which have full swing operation.
The use of small swing differential digital circuits is expected to reduce the
power consumption significantly.

5 Conclusion

A high-speed-sampling stochastic signal detection circuit to use comparator
offset was investigated experimentally. The high-speed feature can be en-
hanced using device scaling under relaxed device mismatch. Furthermore,
the linearity determined by the comparator threshold distribution was en-
hanced just by optimizing references.

Since the present study is only a preliminary study, extensive future study
is necessary. However, we believe that the present study will help to establish
a new solution to the growing problem of device mismatch in nano-scale
CMOS technologies.
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