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Abstract—A new circuit-level single-event upset (SEU) hard- digital logic, as it is for any bipolar logic, depends on the circuit
ening approach for high-speed SiGe HBT current-steering digital jmplementation, and hence one can in principle alter the circuit

logic is introduced and analyzed using both device and circuit o nfiq ration in order to minimize SEU sensitivity. Previously, a
simulations. The workhorse D-type flip-flop circuit architecture

is modified in order to significantly improve its SEU immunity. ~ comparison of SEU response in multiple SiGe HBT digital logic
Partial elimination of the effect of cross-coupling at the tran- Circuits indicated that cross-coupling at the transistor level in
sistor level in the storage cell of this new circuit decreases its the storage cell negates any moderate SEU immunity achieved
vulnerability to SEU. The SEU response of this new circuit is hrough circuit-level hardening using the current-shared hard-

guantitatively compared with three other D flip-flop architectures, . . .
including the unhardened circuit, a conventionalnanp gate based €MNG (CSH) [1] technique [2]. In this work, we propose an

circuit, and a current-sharing hardened (CSH) circuit, at both implementation of D flip-flop digital logic with a new circuit
variable data rate and switching current. The new circuit shows architecture featuring limited transistor-level decoupling in

substantial improvement in SEU response over the unhardened the storage cell and compare its predicted SEU response with

version, with little increase in layout complexity and power S . . o .
consumption. While theNAND gate based circuit still shows better three other circuit architectures. While maintaining the basic

SEU response than the other circuits, its high power consumption functionality of the storage cell of the D flip-flop, the new circuit
will preclude its use in space applications. Our results suggest that achieves considerable SEU immunity over the CSH version and

this new circuit architecture exhibits sufficient SEU tolerance, the unhardened version of the D flip-flop [3] with little power or
low layout complexity, and modest power consumption, and thus real estate overhead
should prove suitable for many space applications requiring very )
high-speed digital logic.
_ o ) [I. DEVICE TECHNOLOGY
Index Terms—Charge collection, circuit modeling, current-

steering logic, HBT, SiGe, single-event effects (SEE). A schematic cross-section of a SiGe HBT used in the device
and circuit simulations is shown in Fig. 1 The SiGe HBT, fab-
ricated by IBM (SiGe 5HP), has a planar, self-aligned structure
with a conventional polysilicon emitter contact, silicided ex-
iGe HBT technology has recently emerged as a contendgfsic base, and deep- and shallow-trench isolation. The p-type
or high-speed digital, analog, RF, and microwave applicgubstrate and the n-p-n layers of the intrinsic transistor form a
tions, due to its higher intrinsic performance than Si technologyp-n-p multilayer structure, complicating the charge collection
at similar processing complexity, and better cost-performanggocess during ion strikes. This SiGe HBT technology features
than 11I-V technology. SiGe HBTs have proven to be robusgtpeakf; of 50 GHz and a peakn.. of 70 GHz [4]. The p-type

to various types of total dose ionizing radiation, as fabricategubstrate is biased at the lowest potentiad.¢ V and—3.3 V
in terms of both dc and ac electrical characteristics, makingthis case) for isolation.

them potentially attractive for space applications. Recently,

however, high-speed SiGe HBT digital logic circuits were  |ll. DEVICE SIMULATIONS AND CIRCUIT MODELING
found to be potentially vulnerable to single-event upset (SEU),
and have been examined through both ion-beam testing
charge collection modeling. SEU sensitivity in SiGe HB

|I. INTRODUCTION

EDICI [5] was used for quasi 3-D device simulations of the
I rge collection mechanisms, which involved using MEDICI
n cylindrical symmetric mode [6]. The SiGe HBT doping pro-
file and Ge profile in the base were constructed using measured

Manuscript received July 21, 2003; revised August 28, 2003. This work wa&MS data and calibrated to measured dc and ac electrical char-
supported by DTRA under the Radiation Tolerant Microelectronics Progragrteristics. The ion charge track was generated over a period of
and NASA-GSFC under the Electronics Radiation Characterization Program),. . . . .

0 picoseconds using a Gaussian waveform. The Gaussian has
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Fig. 1. The schematic cross-section of the SiGe HBT used in the simulations.
lated charge profiles were reasonable, we have compared simula- C
tionsto actual microbeam data for a 36 MeV oxygenion. We used ibp O isp
the SRIM program to estimate the actual LET profile inside the
device. As the spatial distribution of this LET profile was nonuni- > @
form, it is difficult to compare the net LET to the uniform LET

in this case, which is close to the value of 700 fC obtained for
the peak charge collected in the collector for an actual 36 MeV
oxygenionin the microbeam experiment[7]. This agreement be-
tween the simulated collector-collected charge and that from ac-
tual microbeam data establishes the predictive capability of our O
model and hence lends credence to the circuit results presented.

The SEU response of the circuits was determined by inte- E
grating the SEE-induced transient terminal currents obtained _ o _ , o _
from device simulation into a circuit simulation tool via a L%rezn'ts ﬁ”theeqg;‘r’f&ietnstir‘;'g‘fgt'itor:s"_de' for including the ion-induced terminal
equivalent circuit model, as shown in Fig. 2 [8]. The current
sources in the equivalent circuit model represent the transient
terminal currents. The SEE-induced transient currents at t&H-hardened version of circuit A (denoted as circuit B). Al
emitter and collector are denoted as andi.,, where the Of the four circuits have the identical logical functionality of a
subscriptn. indicates “electron collection,” while those at thelising edge-triggered D flip-flop under normal operating condi-
base and substrate are denoted} asandi.,, wherep indicates  tions (i.e., without SEU).
“hole collection.” As the sum of all of the terminal currents
is always zero, we only need to include any three of the fow. Circuit A, B, and D
currents, and the other current is automatically accounted for.

/AN
N
used in our device simulations. However, the total collector-col-
lected charge via device simulation was approximately 800 fC B Q_< CD _O S

>
<

~,

—— en

Therefore, SEE-induced collector curreit,, is given by _Detail_ed circuit descriptipns _of circuits A, B, and D along
with their merits and demerits with respect to SEU can be found

iom = —(inp + iy + Gom) @ in[3]. Circuit Ais the unhardened version of the D flip-flop used

o bp T Bep T Ren ) in the shift registers tested in [2]. The transistor level circuit is

Thus, this equivalent circuit model allows us to perform quaghown ',n F'Q- 3. . .
mixed mode SEU simulation in a robust manner. Circuit D is a standardlaND gate based implementation of

the conventional rising edge-triggered flip-flop logic Fig. 4. Cir-
cuit A uses a fewer number of transistors than circuit D.

Circuit B is the CSH-hardened version of circuit A. This cir-

A new D flip-flop circuit (denoted here as circuit C) wascuit was used as a basic building block of the 32 stage shift-reg-
implemented by incorporating duplicate pass and storage céditer tested in [2]. Each transistor element in Fig. 3 was imple-
to effectively produce decoupling of the differential inputs anchented with a five path CSH scheme (Fig. 5). These five current
outputs in the storage cell. The SEU response of circuit C wpaths remain separate through the clocking stage and through
compared with that of three other D flip-flop circuits, includinghe storage and pass cells until the load. The transistors in the
two unhardened circuits (denoted as circuits A and D), andstorage and pass cells, however, eventually share the same load.

IV. CIRCcUIT DESCRIPTIONS



2128 IEEE TRANSACTIONS ON NUCLEAR SCIENCE, VOL. 50, NO. 6, DECEMBER 2003

Ground Ground

D Q
D* Q*
CLK*D d CLK*

Shared Substrate!

N

AN J Vee AN J Vee

Master Slave

Fig. 3. Schematic of circuit A—the unhardened version of the D flip-flop used in the shift registers tested in [2].
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Fig. 4. Schematic of circuit D—Logic diagram of a standard rising edge-triggered D flip-flop with ECL implementation of a twadnpugate in the inset.

B. Circuit C collectors of Q3 and Q4, the bases are connected to the collectors
of Q1 and Q2, respectively. In the case of two D flip-flops wired
Circuit C, the new circuit proposed in this work, implementg parallel, however, one would expect the collectors and bases
limited decoupling of the storage cell transistor inputs (base) agfiQ5 and Q6 to be connected to the collectors and bases of Q1
outputs (collector) in the master and the slave stages of the flighd Q2 in Fig. 3, and likewise for Q7 and Q8.
flop, as shown in Fig. 6. This circuit is very similar to circuit A, This new configuration maintains the basic functionality of
except for the presence of a duplicate cell for each cell in circuife storage cell of storing data when the clock goes high. Effec-
A. Although circuit C may appear to simply be two unhardenegie decoupling is achieved by not connecting the base and the
D flip-flop circuits (circuit A) wired in parallel, a careful exami- collector of the transistors in the storage cell to the same differ-
nation of the connections in the storage cell shows that this is muoitial pair in the pass cell. For example, the base of Q5 is con-
the case. While the collectors of Q5 and Q6 are connected to tleeted to the collector of Q1, whereas the collector of Q5 is con-
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Fig. 5. lllustration of current-sharing hardening (CSH) concept using a basic ECL gate. Five parallel (sub)transistor elements are useddepasatéssarrent
paths.
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Fig. 6. Schematic of circuit C—the new D flip-flop with minimal cross-coupling in the storage cell.
nected to the collector of Q3 (note that the base and collector of TABLE |
each transistor in the storage cell are connected to complemenfCWER CONSUMPTION AND NUMBER OF TRANSISTORS IN THECIRCUITS
tary outputs from the_pass cell, which is essential for storage cell Topology Power Consumption Number of
functionality). Thus, if SEU transient current flows through the Switching Switching transistors
collector of the transistor Q5, the base is unaffected by this cur- | Current=1.5mA | Current=0.5mA |
rent flow. The voltage drop due to this transient flow does affect oo A x . "
the base Q7, howev_er, which might indirectly affect the base of Ciromit C P P 2%
Q5, potentially leading to upset. Circuit D 12P 4p 56

V. CIRCUIT SIMULATIONS SEE-induced transient terminal currents are turned on during

Circuit transient response simulations were performed usitige course of the transient simulation.
the Spectre simulator in Cadence, using calibrated VBIC com-Simulations were performed at three different data rates (2,
pact models for the SiGe HBT in the SiGe BiCMOS desigd, and 6 Gbit/s). The simulations for the various circuits were
kit from IBM. The transistor being subjected to an ion-strikenade at a constant switching current of 1.5 mA. In order to
is replaced with the equivalent circuit model (Fig. 2) and thetudy the effect of variable switching current on SEU response,
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Fig. 7. Data, output, and clock waveforms of circuits A to D (top-to-bottom) at a data rate of 2 GiHfIs £ 0.5 pC/um and switch current is 1.5 mA).
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Fig. 8. Data, output, and clock waveforms of circuits A to D (top-to-bottom) at a data rate of 4 GIHiIS £ 0.5 pC/um and switch current is 1.5 mA).

simulations were also performed at a 0.5 mA fixing the data rateThe upset-sensitive transistors in each D flip-flop circuit were
at 2 Gbit/s. The input data was an alternating train of ‘1’ and ‘Gdlentified (as described in [3]) and SEE-induced transient cur-
bits, and the voltage swing was maintained at 300 mV (swingimgnts were activated on these transistors. In each circuit, the tran-
between—300 mV and 0 V) in all the circuits, irrespective of sient currents were triggered just before the rising clock edge,
the switching current or the data rate. when the data is still ‘0’, since this condition was determined to
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Fig. 9. Data, output, and clock waveforms of circuits A to D (top-to-bottom) at a data rate of 6 GIS £ 0.5 pC/um and switch current is 1.5 mA).

be worst case. Such conditions occur at 5.460 ns after the stigraded significantly in all of the circuits, with circuit D
of the simulation for data rates of 2 and 6 Gbit/s for 1.5 mAwhich showed no upsets for any data rate at 1.5 mA switching
switch current, and at 5.535 ns for 4 Gbit/s at 1.5 mA switchingurrent) now showing upsets.
current. Fig. 11 summarizes the SEU results of the four circuit archi-
tectures using as a metric the number of upset bits/unit power
VI. RESULTS AND DISCUSSION consumption as a function of data rate.

A. Performance Analysis B. Understanding the Results

Table | shows the trade-off between power consumption andin any current-steering logic, the input signal to one of the
the number of transistors required to implement the various ciransistors of the differential pair is compared with either a static
cuits. The power consumption of all the circuits are computedference voltage (single-ended input) or the complementary
relative to the power consumption of circuit A (Fig. 3) at anput signal (differential input) at the input of the other tran-
switching current of 0.5 mA (designated as P). sistor. All the circuits investigated in this work operate with a

We compared the SEU response of each circuit at thrdéferential input signal. In the storage cell of circuit A (and B),
different data rates for a fixed switching current of 1.5 mAthe input (base) of the transistor Q3 is connected to the output
Figs. 7-9 show the simulated SEU responses for circuits A, @ollector) of the transistor Q4 (and Q1) (Fig. 3). Similarly, the
C, and D at three data rates simulated here. The SEU respanget to transistor Q4 is connected to the output of the tran-
is measured in terms of bit error rate (BER) (or alternativelgjstor Q3 (and Q2). This cross-coupling of the inputs and out-
recovery time). puts of the differential pair in circuits A and B, which is essential

Circuit A, as expected, shows the maximum number of updet latching, presents a strong positive feedback, as previously
bits across all data rates. Although circuit B shows slightly bettpointed out [3]. As a result, an upset occurring at the output of
SEU response at 2, 4, and 6 Ghit/s, it has a performance simé#ay of the transistors in the storage cell influences the other tran-
to circuit A. Circuit D shows the best performance compared gistor to an equal and opposite extent, reinforcing the upset in
all the circuits, with no upsets at any data rate. Itis clear from titiee differential output. This explains the poor SEU tolerance in
SEU response at higher data rates, however, that with just half direuits A and B at both switching currents and at all data rates.
power consumption of circuit D and with many fewer transistor# circuit B, although the current paths are maintained as sepa-
we can achieve significantimprovement in SEU response (BE&e through the clocking stage, and pass and storage cells, the
or recovery time) using the new circuit C architecture. loads are shared (as in circuit A), effectively making this circuit

The circuits were also operated at a switching current efjually vulnerable to SEU.

0.5 mA with the data rate maintained at 2 Gbit/s, as shownlIn circuit D, however, where this transistor-level cross-
in Fig. 10. We see that in general the SEU performance hesupling within a differential pair is entirely absent, we do not
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Fig. 10. Data, output, and clock waveforms of circuits A to D (top-to-bottom) at a data rate of 2 Gifls£ 0.5 pC/um and switch current is 0.5 mA).

% 0.6 I : : : [ very high power consumption of circuit D (Table 1), however,
S 051 Switching Current = 1.5mA o might preclude its use in space applications. In circuit C,
s $ Cirouit A the above-mentioned condition for SEU tolerance is partially
§ 041 Ic;iiﬂg,c 7] satisfied due to the use of duplicate pass and storage cells
S 03} '&0 - (Fig. 6). The use of duplicate pass cells present independent
3 02l ./ N loads to the input and output of transistors in the storage cell.
2 In order to maintain the basic functionality of the storage
g 0.1 : — cell, however, we still need a positive feedback, and therefore,
§ 01 ‘2-= ; : ; g ; cross-coupling between transistors havipg same logic level
Data Rate (Gbit/s) but from different storage cells (as explained above). Hence,

upsets, although significantly fewer than in circuits A and B,
Fig. 11. Summary comparison of the four circuit architectures using asc@&n still be seen at the output.
metric, the number of upset bits/unit power consumption as a function of dataFigs_ 12-14 show the differential output of the storage cell
rate. at 0.5 mA switching current. It is clear from these figures that

both the outputs are affected to an equal and opposite extent in
see any significant upset at the output due to SEU transieiticuit A. In circuits C and D, however, only one of the outputs
currents. The differential outputs are independent of eaishaffected. In circuit C (Fig. 13), soon after triggering the SEU
other, and therefore upsets occurring in one of the outputs daemsient currents, when the clock goes high and when there is
not affect the complement output. As long as the differentiapset in one of the terminals, we also see upset in the opposite
output is above the cell switching threshold, the output remaitesminal (for example, observe the change in V1 slightly after
unaffected, and no SEU upset occurs. However, it is wor@ms). This upset occurs due to pass cell of the slave stage turning
pointing out that the storage cells in this type of D flip-flopON as a result of the clock going high, and since*\id high
still incorporate cross-coupling between gates required f(ue to upset), V1 goes low.
latching, but there is no cross-coupling within a differential The degradation of the overall SEU response at low switching
pair as such. current is due to large load resistance needed to maintain the

The analysis of the SEU response in circuits A, B, and oltage swing, and hence due to a lower switching threshold.

indicate that if one of the inputs to the storage cell differentidlhe same SEU transient current now flows through this larger
pair is unaffected by SEU, we see no significant SEU #&iad resistance, leading to a more pronounced upset. In circuits
the differential output. In circuit D this condition is alwaysC (D), however, the differential output of one of the storage
satisfied, while in circuits A and B, it is always violated. Thecells, V1 and VI (V2 and V1 in circuit D), are not affected to



KRITHIVASAN et al. SEU HARDENING APPROACH FOR HIGH-SPEED SiGe HBT DIGITAL LOGIC 2133

05 T T T T T T T T
VA .
— VA
S N #
- Om
>
05} .
1 1 1 1 1 1 1
4 6 8 10 12 14 16 18 20
time (ns)
05 T T T T 150mv T T T
= A—A—
=0 T H
d u mimimminin u i
+
>705¢ -150mV |
1 1 1 1 1 1
4 6 10 12 14 16 18 20
— time (ns)
?/ O 5 T T T T T T T T
x upsets
Q / \
S 0
[$]
e}
c-os- N i i S
® data ion strike at 5.46 ns ‘/clock output
S - UUUUUUUTUUUUULLUU U UL
<
T_15 1 | | I L 1 L 1
o 4 6 8 10 12 14 16 18 20
time (ns)
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Fig. 13. Single-ended and differential output voltages for the differential pair in the storage cell struck by heavy ion in circuit C (switctsdufenA).

the extent to which they are affected in circuits A and B. Therelecoupling of the differential output. The SEU response of this
fore, fewer upsets occur in circuits C and D at low switchingircuit architecture is compared with the response of three
current. SiGe HBT D flip-flop architectures, including one previously
tested CSH-hardened circuit, and two unhardened circuits. The
performance of this new circuit is comparable to tvenD-
based D flip-flop circuit that has no transistor level cross-
A new circuit architecture for high-speed SiGe HBT digitatoupling, but at much lower power consumption and fewer
logic having moderate SEU tolerance is implemented by partiahnsistor count. The significant improvement in SEU response

VIl. SUMMARY
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seen in the new circuit, which is obtained by guidelines laid [3] G. Niu, R. Krithivasan, J. D. Cressler, P. A. Riggs, B. A. Randall, P. W.
out in [3], further validates these earlier conclusions. Together,
these results suggest a potential path for achieving sufficient

SEU tolerance in high-speed SiGe HBT digital logic for m
space applications. We plan to do a microbeam study o

any [4]
n the

circuits discussed in this paper in near future for experimental

validation of the results.
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