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Abstract: The radiation induced soft error of dynamic comparator for a
65nm CMOS technology in 5 Gbps half-rate SerDes (serializer and deser-
ializer) is evaluated using three-dimensional TCAD mixed-mode simulation.
The sensitivity of MOSFET is simulated combined with the polarity of
differential inputs and the working phases. Four types of single-event (SE)
response are classified and the sensitivity grades are summarized. Our
research presents that the NMOS of the cross-coupled inverter is the most
sensitive.

Keywords: dynamic comparator, SE sensitivity, LET threshold, sensitive
window rate

Classification: Integrated circuits

References

[1] S.E. Armstrong, B. D. Olson, J. Popp and J. Braatz: IEEE Trans. Nucl. Sci. 56
(2009) 3463. DOI:10.1109/TNS.2009.2033924

[2] S. E. Armstrong, T. D. Loveless, J. R. Hicks and W. T. Holman: IEEE Trans.
Nucl. Sci. 58 (2011) 1066. DOI:10.1109/TNS.2011.2125989

[3] R. W. Blaine, N. M. Atkinson and J. S. Kauppila: IEEE Trans. Nucl. Sci. 59
(2012) 803. DOI:10.1109/TNS.2012.2200502

[4] L. Rodoni, G. von Buren, A. Huber, M. Schmatz and H. Jackel: IEEE J. Solid-
State Circuits 44 (2009) 1927. DOI:10.1109/JSSC.2009.2021913

[5] T. Toifl, C. Menolfi and P. Buchmann: IEEE International Solid-State Circuits
Conference. Papers (2007) 226. DOI:10.1109/ISSCC.2007.373376

[6] C. Kromer, G. Sialm, C. Menolfi and M. Schmatz: IEEE J. Solid-State Circuits
41 (2006) 2921. DOI:10.1109/JSSC.2006.884389

[71 A.H. Johnston, T. F. Miyahira, L. D. Edmonds and F. Irom: IEEE Trans. Nucl.
Sci. 49 (2002) 3082. DOI:10.1109/TNS.2002.805397

[8] T. Wang, L. Chen, A. V. Dinh and D. Teng: Microsystems and Nanoelectronics
Research Conference. Papers (2008) 13.

[9] Y. Okaniwa, H. Tamura and M. Kibune: IEEE J. Solid-State Circuits 40 (2005)
1680. DOI:10.1109/JSSC.2005.852014

[10] C. Wulff and T. Ytterdal: NORCHIP Conference. Papers (2005) 237.
[11] T. Wang, L. Chen, A. Dinh and B. Bhuva: IEEE Trans. Nucl. Sci. 56 (2009)

3556. DOI:10.1109/TNS.2009.2033920


http://dx.doi.org/10.1109/TNS.2009.2033924
http://dx.doi.org/10.1109/TNS.2009.2033924
http://dx.doi.org/10.1109/TNS.2009.2033924
http://dx.doi.org/10.1109/TNS.2009.2033924
http://dx.doi.org/10.1109/TNS.2011.2125989
http://dx.doi.org/10.1109/TNS.2011.2125989
http://dx.doi.org/10.1109/TNS.2011.2125989
http://dx.doi.org/10.1109/TNS.2011.2125989
http://dx.doi.org/10.1109/TNS.2012.2200502
http://dx.doi.org/10.1109/TNS.2012.2200502
http://dx.doi.org/10.1109/TNS.2012.2200502
http://dx.doi.org/10.1109/TNS.2012.2200502
http://dx.doi.org/10.1109/JSSC.2009.2021913
http://dx.doi.org/10.1109/JSSC.2009.2021913
http://dx.doi.org/10.1109/JSSC.2009.2021913
http://dx.doi.org/10.1109/JSSC.2009.2021913
http://dx.doi.org/10.1109/ISSCC.2007.373376
http://dx.doi.org/10.1109/ISSCC.2007.373376
http://dx.doi.org/10.1109/ISSCC.2007.373376
http://dx.doi.org/10.1109/ISSCC.2007.373376
http://dx.doi.org/10.1109/JSSC.2006.884389
http://dx.doi.org/10.1109/JSSC.2006.884389
http://dx.doi.org/10.1109/JSSC.2006.884389
http://dx.doi.org/10.1109/JSSC.2006.884389
http://dx.doi.org/10.1109/TNS.2002.805397
http://dx.doi.org/10.1109/TNS.2002.805397
http://dx.doi.org/10.1109/TNS.2002.805397
http://dx.doi.org/10.1109/TNS.2002.805397
http://dx.doi.org/10.1109/JSSC.2005.852014
http://dx.doi.org/10.1109/JSSC.2005.852014
http://dx.doi.org/10.1109/JSSC.2005.852014
http://dx.doi.org/10.1109/JSSC.2005.852014
http://dx.doi.org/10.1109/TNS.2009.2033920
http://dx.doi.org/10.1109/TNS.2009.2033920
http://dx.doi.org/10.1109/TNS.2009.2033920
http://dx.doi.org/10.1109/TNS.2009.2033920

E Lectronics
E X press

© [EICE 2015

DOI: 10.1587/elex.12.20150860
Received October 12, 2015
Accepted November 2, 2015
Publicized November 19, 2015
Copyedited December 10, 2015

IEICE Electronics Express, Vol.12, No.23, 1-10

[12] Y. Okaniwa, H. Tamura and M. Kibune: IEEE J. Solid-State Circuits 40 (2005)
1680. DOI:10.1109/JSSC.2005.852014

[13] Yan Huang, H. Schleifer and D. Killat: ECCTD Conference. Papers (2013) 1.

[14] N. D. Hindman, Z. Wang, L. T. Clark and D. R. Allee: IEEE Trans. Nucl. Sci.
54 (2007) 2073. DOI:10.1109/TNS.2007.908654

[15] P. C. Huang, S. M. Chen, J. J. Chen and B. W. Liu: Chin. Sci. 56 (2013) 271.
DOI:10.1007/s11431-012-5070-8

[16] P. Huang, S. Chen, Z. Liang, J. Chen, C. Hu and Y. He: Chin. Sci. Bull. 59
(2014) 2850. DOI:10.1007/s11434-014-0409-0

[17] P. Li, M. Zhang, W. Zhang, Z. Zhao, C. Song and H. Fan: IEICE Electron.
Express 11 (2014) 20140051. DOI:10.1587/elex.11.20140051

1 Introduction

With the rapid development of integrated circuits, the system on chip (SOC) has
been used widely in the aerospace system. In the SOC, the serializer and deserial-
izer (SerDes) is the key component for the different components to realize high-
speed transmission between each other. At present, the radiation induced soft errors
of the SerDes has become a great concern, and the single event transient (SET) in
analog circuits of SerDes such as differential amplifier and bias circuit is researched
widely [1, 2, 3].

Comparator is also known as samples and is one of the speed-limiting circuits
in SerDes whose date rate is up to several Gbps ~ tens of Gbps [4, 5]. The error of
comparator is fateful to the bit error rate (BER) of the whole system which is
normally below 107!2, and has influence on the jitter of recovering clock [6]. In
general, comparator can be classified into static comparator and dynamic compa-
rator. There are many works about single event sensitivity in static comparator
[7, 8] which indicate SET is a great threat to the sampling result. However, the work
about single event sensitivity in dynamic comparator is limited, though dynamic
comparator is more attractive comparing to static comparator due to its faster speed
profited from cross couple structure and lower power profited from the clock
controlling [9, 10].

Wang et al. evaluated the single-event transient effects of the dynamic com-
parators in different well technologies designed with a 90 nm CMOS process [11]
and showed that vulnerability was a strong function of technology. But his research
is lack of attention on the polarity of differential inputs, the working phases and the
SE relationship between striking moment and clock edge. Other studies on dynamic
comparators focus on larger input swing, lower operating voltage, and so on which
are not related to single event [12, 13, 14].

In this paper, based on three-dimensional technology computer-aided design
(TCAD) numerical simulations, the single event sensitivity of a dynamic compa-
rator in a 5 Gbps SerDes designed with 65 nm bulk technology is researched. Both
the incident ion energy and the phase difference between clock and SET are
considered to evaluate the effect of SET in each transistor. The single event
sensitivity of each transistor is discovered, and the effect of phase difference is
also under research.
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2 Circuit structure

Fig. 1 shows the circuit structure of the dynamic comparator which is under study
in a certain 5 Gbps half-rate SerDes. The clock frequency can be up to 2.5 GHz. As
shown in Fig. 1, the bilateral symmetry circuit has differential structure with input
transistors pair N2 and N3. The transistor PO, P1, P2 and P3 are the precharge
transistors, and the NO-P4 and N1-P5 are the cross-coupled inverters.

The working principle of the dynamic comparator includes precharge and
evaluation phases. In precharge phase, the precharge transistors are turned on by
clk. The node vop and vom will be precharged to HIGH. Then in evaluation phase,
the precharge transistors are turned off and it will come into strong positive
feedback once the difference between vi_p and vi_m exists. The output stabilizes

quickly.
vdd left branch right branch
clk clk clk clk
—dltps —dlﬁ P2 —dePl—d PO

nb_m nb_p
vi_p vi_m

clk |y

Gnd

Fig. 1. Schematic of dynamic comparator.

In this circuit, the supply voltage is set to 1.2 V. The input common-mode
voltage is 730 mV and the differential-mode voltage is 300 mV. What’s more, the
clk is set to 2.5 GHz, which means the clock period is only 400 ps. Geometry size
parameters are listed in Table 1.

3 Simulation setup

In this section, the three-dimensional TCAD mixed-mode simulation is adopted to
investigate the SE sensitivity of the dynamic comparator in Fig. 1. The layout
structure of this structure is implemented by using the commercial 65 nm CMOS
process as shown in Fig. 2(a). The size of each transistor is set according to Table I.
Table 1 shows that the width of transistors is much larger than the one in digital
standard cell library.

For the mixed-mode simulation, the studied transistors are modeled as the
TCAD model acquired from Synopsys Sentaurus Device Version E-2010.12, and
other transistors are modeled as the corresponding 65nm SPICE models. For
instance, as shown in Fig. 2, it is assumed the transistors N1 would be studied.
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Table 1. Size of the transistors for the comparator

Transistors Width (um) Length (um)
P1,P2 3 0.06
PO,P3 2 0.06
P4,P5,NO,N1 3.6 0.06
N2,N3 4 0.08
N4 3 0.06

Thus, the transistor N1 will be modeled as the TCAD model. The other models are
the SPICE models.

Vdd

clk clk
q[€r3 q[€ r2

(@ (b)

Fig. 2. Three-dimensional TCAD mixed-mode simulation setup. (a)
layout, (b) the mixed circuit with N1 modeled as TCAD device.

There are 11 transistors in this dynamic comparator including one NMOS at the
bottom of the circuit sharing by left and right branch simultaneously. Combined
with the polarities of differential input and the working phases, there are 44 cases
(2 X2 x 11 = 44) to be simulated. As the circuit in Fig. 1 is symmetrical, we only
evaluate the single-event sensitivity of the transistors on left branch of the com-
parator. The simulated cases can be described in Table II. It can be predicted that
the transistors on right branch has the same sensitivity as the corresponding
transistors on the left.

All simulations are conducted with normal strike on the drain center of the
TCAD numerical model under 2.5 GHz. During the simulations, the LET value of
incidence ions is varied from 5MeV-cm?/mg (LET5 for abbreviation) to 30 MeV-
cm?/mg (LET30 for abbreviation, similar to the following). The following physical
models are adopted: Fermi-Dirac statistics, band-gap narrowing effect, Auger
recombination, and doping dependent, etc. Unless other specified, the default
models and parameters provided by TCAD tool are used. This is consistent with
other previous works in our researching group [15, 16, 17].
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Table II. Simulated cases

Polarities of Differential Input Working Phases Simulated Transistors

vim is higher than vi_p Precharge phase P2, P3, P5, N1, N3, N4
Evaluation phase P2, P3, P5, N1, N3, N4

vi_p is higher than vi_m Precharge phase P2, P3, P5, N1, N3

Evaluation phase P2, P3, P5, N1, N3

4 Simulation results

4.1 vi_m is higher than vi_p

4.1.1 Precharge phase

For the precharge phase, the clk is in low half cycle. And the node vom, vop, nb_m
as well as nb_p will be precharged to HIGH. Fig. 3(a) shows the cases as the
incident ion strikes transistor PS5 at 540ps. It can be noted that there exists
overshooting voltage at node vom, and no error occurs in evaluation phase. The
results are similar when ion strikes on other PMOS transistors. The PMOS under
this case is of the highest single event immunity.

However, when ion strikes on N1 at the same moment, the error occurs as
shown in Fig. 3(b). The effect of ion strike extends to evaluation phase and causes
error. In this case, the charge has no enough time for depletion on the condition of
2.5 GHz whose effective time is half cycle, about 200 ps. In fact, the depletion will
occupy orders of hundreds of picoseconds. The imbalance charge between left
branch under strike and right branch free of strike leads to that the voltage of vom is
lower than the one of vop at the end of precharge phase. When the circuit comes
into evaluation phase, the following strong positive feedback is disturbed. As a
result, the voltage of vop is higher than the one vom at the end of evaluation phase
which is not as expected. We call this as transfer error. Therefore, N1 is more
sensitive than P5.

Another simulation shows there is no transfer error when energy is decreased to
LET10 at 540 ps, but the result may be changed as striking time changes. In order
to evaluate its temporal correlation, we adjusts the strike time from 540 ps to 700 ps
with an interval of 40 ps for each step. Table II shows that there is no error when
hitting at 540 ps and 580 ps, but error occurs as striking time is 620 ps, 660 ps, and
700 ps. In order to weight its tolerance considering the strike time, sensitive

E,: 0.8 ;;’
£ o4 g
$ o4 [3
0.2
0.01 1
02 strikq.e ti'me ' ' 0. stri&e tilme . .
4.00E-010  6.00E-010  8.00E-010 1.00E-009 4.00E-010 6.00E-010 8.00E-010 1.00E-009
time(s) time(s)
(@) (b)

Fig. 3. Waveform when hitting happens in precharge phase. (a) no
error with ion striking on P5 with LET15, (b) error with ion
striking on N1 with LET15.
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window ratio is introduced in this paper. It is defined as the timing segment which
has error under striking divided by the precharge period. Taking the data on
Table III for example, the sensitive window ratio at LET10 is calculated as
following. The precharge period is 200 ps when clock frequency is 2.5 GHz, the
sensitive window ratio is 60% that is (700 ps — 580 ps)/200 ps. As can be seen, this
type error on NMOS depends on not only the LET value but also the strike time. As
the data rate reduces in SerDes, the frequency of dynamic comparator is decreased.
Sensitive window ratio will also be decreased because the time for the ionization
charge to deplete is longer.

Table III. Correctness of the comparator with ion striking on N1 in
precharge phase varying strike time (LET10)

strike time 540 ps 580 ps 620 ps 660 ps 700 ps
J//% in evaluation phase i i X X X
sensitive window ratio 60%

The sensitivity of N3 and N4 on the same branch is also under consideration.
The results are illustrated in Table IV together with N1. It indicates that the SE
sensitivity of N1 is the highest among NMOS transistors. LET10 which can result
in error on N1 cannot generate error on N3 and N4. This is owing to that N1 has the
nearest path to the output node shown in Fig. 2(b). Combined with Fig. 4 which
shows the disturbance of vom with LET15, it can be got that N4 has the weakest
sensitivity. This is due to that N4 is the tail transistor which has the same influence
on left and right branch, and N4 is the farthest transistor away from the output.

Table IV. Correctness of the comparator with ion striking on NMOS in
precharge phase (540 ps)

N1 N3 N4
LETI0 J J J
LETIS X J J
LET20 X J J
LET25 X J J
t——clk
—vom_N4|
141 . [ vom N

voltage(v)
o
I

\

0.0 | A X
strll{e time

-0.2 = T T )
4.00E-010 6.00E-010 8.00E-010 1.00E-009

time(s)

Fig. 4. Waveform of vom with ion striking on NMOS with LET15.
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4.1.2 Evaluation phase

Table V lists the correctness of the comparator when ion strikes on N1 with
different LET values in evaluation phase. For ease of comparison, the correctness
of the comparator when ion strikes on N1 in precharge phase is also listed.
Compared with precharge phase, strike in evaluation phase can affect the output
more directly and quickly. There is no error in both phases when LET value is
5MeV-cm?/mg. When LET value increases to 10 MeV-cm?/mg, error occurs in
evaluation phase but no error occurs in precharge phase which shows that the LET
threshold of evaluation phase is lower than that of precharge phase. The striking on
NI lowers down vom and locks vop to HIGH through cross coupling which is
completed less than 30ps observed from simulation. As the output stabilizes
quickly, the sensitive window ratio is ignored during evaluation phase. Strike on
N3 or N4 has no effect on the output because it just causes undershooting voltage
on the drain of NMOS. Besides, the PMOS on this case is also SEU immune and
just brings overshooting voltage.

Table V. Correctness of the comparator with ion striking on N1 in
precharge (540ps) and evaluation phase (800ps) varying

LET
precharge phase evaluation phase
LETS Vv J
LET10 i X
LET15 X X
LET20 X X

Totally, the NMOS in cross coupling pair is more sensitive when vi_m is higher
than vi_p, while the NMOS which is far away from output node is less sensitive.
The strike time in precharge phase is more sensitive than that in evaluation phase.
The PMOS is immune to ion strike.

4.2 vi_p is higher than vi_m

4.2.1 Precharge phase

For precharge phase, when the ion strikes on any NMOS transistor, the voltage in
node vom is disturbed as shown in Fig. 5. However, vom is still correct in the
following evaluation phase because vom should be low even without hitting.
What’s more, the transition rate of vom in evaluation phase is faster compared to
the one without hitting.

When ion strikes on any PMOS transistor in precharge phase, it only induces
overshooting on node vom and has no effect on the correctness of node vom and
vop in the following evaluation phase as shown in Fig. 6.

The simulation result of NMOS and PMOS on this case is shown in Table VL.
Under this circumstance, all MOSFETs are immune to ion strike.
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t——clk
p—vop
1.4 —Vvom

1.2+
1.04
0.8
0.6+
0.4+
0.2
0.0

voltage(v)

strikle Vtime
*

-0. T T 1
4.00E-010 6.00E-010 8.00E-010 1.00E-009
time(s)

Fig. 5. Waveform with ion striking on N1 in precharge phase with
LET20.

t——clk
o —Vop

] - > ——vom
14 !\overshoot)
-

1.2+
1.0+
0.8
0.6

voltage(v)

0.4
0.2

|
|
|
|
|
|
|
0.0 '

strilﬁa time

-0. \j T T 1
4.00E-010 6.00E-010 8.00E-010 1.00E-009
time(s)

Fig. 6. Waveform with ion striking on P5 in precharge phase with
LETIS.

Table VI. Correctness in precharge phase varying LET (540 ps)

LETI5 LET20 LET30
NMOS J J J
PMOS J J J

4.2.2 Evaluation phase
For the evaluation phase, the ion strike on NMOS transistor only accelerates vom
from HIGH to LOW. No error occurs.

When ion strikes on PS5, the waveform is shown in Fig. 7. Although vom and
vop are disturbed seriously, they have the same direction and vop is still larger than
vom. Other PMOS-strike has similar result.

The reason can be explained as follows: before ion strikes, the nodes of the
cross-coupled inverters are stable. The node vom is LOW and the source of NO is
HIGH. As ion strike happens, Vs (vom - nb_p) of NO is increased, but Vs > Vg
still cannot be met and NO keeps turnoff. As the depletion of charge goes on, vom
resumes towards LOW. Under this case, vom and vop have the shortage of no-full
swing. This disadvantage can be compensated on next dynamic comparator or
buffer. For the extreme case, when ion strike occurs closely to the next clock edge,




IEICE Electronics Express, Vol.12, No.23, 1-10

the error cannot be avoided. In general, when vi_p is higher than vi_m, most
MOSFETs are not sensitive to ion strike.

——Jclk
1.6+ e VO P
1.4 ——vom

1.2
1.04

0.84
0.64

voltage(V)

0.44
0.2
0.0+

strike: time
2

-0.2 T ¥ T 1
4.00E-010 6.00E-010 8.00E-010 1.00E-009 1.20E-009

time(s)

Fig. 7. Waveform with ion striking on P5 in evaluation phase (800 ps,
LET15).

5 Discussion

The single-event sensitivity of the dynamic compactor is summarized in this
section. According to the symmetry of dynamic comparator, we just investigated
half cases of all the cases on left branch and situation is similar on right branch. The
response is related with the polarity of inputs, ion strike position, strike time and
LET value. The various responses under ion strike are classified into four types
according to the severity as shown in Table VII.

Table VILI. Correctness in precharge phase varying LET (540 ps)

No. Responses Severity Corresponding section
typel Overshooting weak PMOS in section 4.1
or undershooting N3,N4 in section 4.1.1
without error PMOS in section 4.2.1
type2 disturbance weak NMOS in section 4.2.1
without error PMOS in section 4.2.2
type3 direct error strong NI in section 4.1.2
typed transfer error medium N1 in section 4.1.1

Tpyel and type2 will not result in an error and have the weakest influence.
Type3 means hitting on N1 MOSFET in evaluation phase with higher vi_m. It has
direct error and has lower LET threshold compared to the precharge phase. Type4 is
most complicated and may generate transfer error which spans from precharge to
evaluation phase and is sensitive to the LET value and strike time. The SE
sensitivity about strike time can be weighted by the sensitive window rate which
is closely related with the clock frequency. As the frequency of dynamic com-
parator goes up, sensitive window rate will be increased.

In addition, it can be concluded that NMOS in cross-coupled circuit is most
sensitive and can generate error in both precharge and evaluation phase. As to the
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LET threshold, it is lower in evaluation than in precharge phase. Other NMOS has
less sensitivity because they are far away from the output node.

6 Conclusions

In this paper, the radiation sensitivity of high speed dynamic comparator is
analyzed carefully by considering the polarity of differential inputs and working
phases in this paper. The three-dimensional TCAD mixed-mode simulations
present that there are four types of responses for an ion strike. Among them, the
most sensitive part is NMOS in the cross-coupled inverters with the sensitive
elements involving both LET threshold and the sensitive window, and it can cause
direct error in evaluation phase. The weak types only arouse overshooting/under-
shooting or disturbance without error on outputs. The result in this work can be
used as a reference for analyzing and hardening SerDes and other high-speed A/
MS circuits.

Acknowledgments

This work is supported by the State Key Program of Natural Science Foundation of
China (Grant No. 61434007) and Natural Science Foundation of China (Grant
No. 61376109).

10



