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Abstract—Shift registers featuring radiation-hardening-by-de-
sign (RHBD) techniques are realized in IBM 8HP SiGe BiCMOS
technology. Both circuit and device-level RHBD techniques are em-
ployed to improve the overall SEU immunity of the shift regis-
ters. Circuit-level RHBD techniques include dual-interleaving and
gated-feedback that achieve SEU mitigation through local latch-
level redundancy and correction. In addition, register-level RHBD
based on triple-module redundancy (TMR) versions of dual-in-
terleaved and gated-feedback cell shift registers is also realized to
gauge the performance improvement offered by TMR. At the de-
vice-level, RHBD C-B-E SiGe HBTs with single collector and base
contacts and significantly smaller deep trench-enclosed area than
standard C-B-E-B-C devices with dual collector and base contacts
are used to reduce the upset sensitive area. The SEU performance
of these shift registers was then tested using heavy ions and stan-
dard bit-error testing methods. The results obtained are compared
to the unhardened standard shift register designed with CBEBC
SiGe HBTs. The RHBD-enhanced shift registers perform signifi-
cantly better than the unhardened circuit, with the TMR technique
proving very effective in achieving significant SEU immunity.

Index Terms—Current mode logic (CML), heavy ion, hetero-
junction bipolar transistor (HBT), radiation hardening by design
(RHBD), shift register, silicon-germanium (SiGe), single-event
upset (SEU), triple-module redundancy (TMR).

I. INTRODUCTION

SILICON-GERMANIUM (SiGe) heterojunction bipolar
transistor (HBT) technology has generated considerable

interest in the space community due to its robustness to total
ionizing dose (TID) radiation, without any additional hardening
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[1]. This TID tolerance does not, unfortunately, translate into
improved single event upset (SEU) response for SiGe HBT
logic. Digital circuits designed in first-generation (50 GHz)
and second-generation (120 GHz) SiGe technology have been
shown to be very sensitive to SEU [2]–[5], and circuit-level
hardening using the current-shared hardening (CSH) [6] tech-
nique proved ineffective in mitigating single event upsets in
these circuits.

Radiation-hardening-by-design (RHBD) employs layout and
circuit architecture changes for the radiation hardening of space
electronic systems using commercial foundry processes, with no
modifications to the existing process or violation of design rules.
In this work, we have applied RHBD techniques to improve the
SEU immunity of SiGe HBT high-speed logic circuits.

II. SiGe HBT BICMOS TECHNOLOGY

Shift registers featuring these RHBD techniques were real-
ized for the first time in the commercially-available IBM SiGe
8HP BiCMOS technology platform. This process incorporates
a 130 nm “raised extrinsic base” SiGe HBT structure with an
in-situ doped polysilicon emitter, deep and shallow-trench iso-
lation. The SiGe HBT has a peak unity-gain cut-off frequency

of 200 GHz [7]. The technology also integrates 130 nm
CMOS devices as well as a wide array of passive elements and
seven layers of metalization.

III. SiGe RHBD TECHNIQUES

A. Circuit-Level Techniques

Three different types of 16-bit shift registers in the current
mode logic (CML) family were investigated in this work. The
clock “tree” architecture in these shift registers was identical to
the one used in shift registers reported in [3], with a master clock
buffer driving four intermediate clock buffers, each in turn pro-
viding clock inputs to a set of 4-D flip flops (Fig. 1). Thus, as
was noted in [3], an upset occurring in the clock tree has the po-
tential to cause multiple bit upsets. Therefore, to improve their
SEU immunity, the clock buffers in the present designs fea-
tured circuit-level hardening based on the gated-feedback cell
(GFC) RHBD technique [8]. Two RHBD local circuit-redun-
dancy based circuit-level hardening techniques were employed
in the design of the constituent D-flip flops in two of the three
shift registers, while the remaining shift register, referred to as
“standard MS SR” (“std. SR”), featured unhardened conven-
tional CML master-slave (MS) D-flip flops (Fig. 2), and was
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Fig. 1. Block diagram of the 16-bit shift registers.

Fig. 2. Schematic of standard CML master-slave D-flip flop.

used as the baseline circuit (control) to enable meaningful com-
parisons. To study the effects of reduced bias current on the SEU
characteristics of the shift registers, low-power ( mA)
and high-power ( mA) versions were implemented.

is the tail current of any differential pair in the D-flip flops.
Upon complete switching the current flowing through the load
resistor connected to the ON transistor is very close to .

1) Dual-Interleaving-Based RHBD: One of the RHBD shift
registers incorporated D-flip flops based on a newly proposed
circuit implementation [10], referred to here as “dual-inter-
leaved SR” or “DI SR” (Fig. 3). A previous study [11] on
the dependence of SEU response on circuit architecture in
the CML logic family indicated that cross-coupling at the
transistor-level, required for the storage cell functionality in
the standard master-slave D-flip flop (Fig. 2), increases the
vulnerability of this circuit to SEU. Thus, local redundancy was
built into the standard master-slave D-flip flop, which consumes
the least power and occupies the smallest area, to incorporate
limited transistor-level decoupling in the storage cell, thereby
mitigating its SEU sensitivity with only a moderate increase in
power consumption and circuit complexity.

Unlike the standard MS SR, the base and the collector of the
transistors in the storage cell of the DI SR are not connected to
the same differential pair in the pass cell, thus achieving effec-
tive decoupling of the base and collector terminals of the tran-
sistors in the storage cell. For instance, the base of Q5 in DI

SR storage cell is connected to the collector of Q1 in the pass
cell, whereas the collector of Q5 is connected to the collector of
Q3 of the alternate differential pair in the pass cell. However, to
maintain the storage cell functionality, the base and collector of
each transistor in the storage cell are connected to complemen-
tary outputs from the pass cell. Thus, an SEU transient current
flowing through the collector of the transistor Q5 does not af-
fect the base directly. The voltage drop due to this transient flow,
however, does affect the base of Q7, which might indirectly af-
fect the base of Q5, potentially leading to upset [10].

2) Gated-Feedback Cell-Based RHBD: The other RHBD
shift register featured a slightly modified gated-feedback cell
(GFC) based master-slave D-flip flop [8], referred to here as
“GFC SR” (Fig. 4). The OR-gates available in the GFC architec-
ture perform a logical OR operation on identical logic outputs
from the pass cell pair and feed the result back to the appropriate
inputs of the duplicate storage cell pair. The OR operation, en-
abled by a pair of emitter followers, helps transmission of the
correct logic to the storage cell inputs even when one of the OR
gate inputs is in error via an ion strike.

The output of a two-input OR gate changes state only when
both the inputs change state from high to low or low to high. A
ion-strike on an npn transistor, in general, causes ion-induced
current to flow into the collector, thereby pulling the collector
potential low. Therefore, an ion strike on a storage cell transistor
such as Q5 causes its collector and in turn the input to transistor
Q9 to go low. This spurious transition, however, does not affect
the output of the OR as the other input to Q10 is unaffected. In
addition, the inputs to Q11 and Q12 (transistors in the alternate
OR gate) are also unaffected, thereby ensuring the correct logic
at the input (or base) of Q5. Thus, the OR-gate-based feedback
to the storage cell inputs, in addition to local redundancy, is in
principle expected to offer SEU immunity that is higher than
that provided by dual-interleaving. In addition, there are diode
voltage clamps positioned across the load resistors to increase
the current onto an upset collector node, thus reducing the upset
duration [8], [9].

3) Register-Level RHBD: Additional register-level RHBD
based on triple-module redundancy (TMR) was applied to the
low-power versions of DI SR and GFC SRs (referred to as DI
TMR and GFC TMR, respectively), to gauge the performance
improvement achieved from this additional level of RHBD. The
output was selected based on majority voting between three
redundant shift registers using GFC-hardened and unhardened
voters working in parallel. Separate select lines (S1-S3) were
provided for enabling or disabling individual shift registers in
the circuit to test their functionality (Fig. 5).

B. Device-Level RHBD Techniques in SiGe HBTS

A previous microbeam study on second-generation SiGe
HBTs concluded that the active region defined by the
deep-trench (DT) boundary is only a portion of the upset
sensitive volume and that the remaining sensitive volume
encompasses the region of substrate several micrometers away
from the trench [4]. Despite this observation, reduction in area
enclosed by DT is expected to significantly improve the net
upset cross-section of the transistor by reducing the effective
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Fig. 3. Schematic of the new RHBD dual-interleaved D-flip flop circuit with minimal cross coupling in the storage cell.

Fig. 4. Schematic of master stage of the GFC D-flip flop.

Fig. 5. Block diagram of the triple module redundancy (TMR) implementation.

sensitive area [12]. Thus, a transistor with minimum feature
size, and with only a single collector, base, and emitter con-
tacts (C-B-E), as opposed to the standard device with double

collector and base contacts (C-B-E-B-C), was selected as the
workhorse RHBD device to minimize local ion-induced upset
cross-section within the RHBD latches. While the C-B-E-B-C
device with an emitter area of m was
used in the baseline standard MS SR, the RHBD (C-B-E)
device with of m was employed in all other
shift registers. Only a slight device performance penalty
resulted. The internal trench area for the C-B-E-B-C was 15.10

m while that for the RHBD C-B-E devices was 4.08 m .
Thus, the net reduction in trench enclosed area for the RHBD
SiGe HBT was about 73%. A bigger C-B-E-B-C device was
intentionally used in the baseline circuit to demonstrate the
degradation in upset cross-section associated with larger trench
volume [Fig. 6(a) and (b)].

The various hardening techniques investigated are summa-
rized in Table I. In addition, the total power consumption of
the various shift registers, the contribution of individual D-flip
flop to the total power consumption, the D-flip flop area, and the
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TABLE I
COMPARISON OF HARDENING TECHNIQUES

Fig. 6. (a) RHBD C-B-E transistor and (b) C-B-E-B-C transistor used in the
baseline Std. SR.

maximum post-layout simulated speed are tabulated in Table II.
Clearly, the operating speed of low power DI SR and the power
consumption of its constituent D-flip flops are comparable with
those of the standard SR with only a slight area penalty overhead
and with minimal increase in layout complexity, suggesting that
dual-interleaving can potentially be applied to other technology
nodes. RHBD shift registers with much higher operating speeds
than those presented here are clearly possible in this technology
[13]. The primary reason for the more modest operating speeds
for the present shift registers lies in the (intentional) overdesign
of the latch output buffers, which caused significant internal ca-
pacitive loading. This can easily be altered as needed for specific
speed requirements without compromising SEU performance.
For instance, simulations using more standard buffers for the
DI SR can be clocked to well above 20 GHz speeds. The die
photomicrographs of a 16-bit shift register and its TMR imple-
mentation are shown in Fig. 7(a) and (b). The die area of 16-bit
shift registers is 2.356 1.586 mm and the die area of the TMR
version is 2.636 2.686 mm , and dictated by the high-speed
packaging fixture used.

IV. TEST SETUP

The shift registers (devices under test—DUT) were designed
at Georgia Tech, and packaged at the Mayo Foundation. Two
sets of heavy ion tests were performed at the Texas A &M Cy-
clotron Institute. In the first iteration the DUTs were subjected
to Ne, Ar, and Xe ions at 15 MeV/amu. This was followed up
with a second iteration where the DUTs were subjected to 15
MeV/amu Kr ion to obtain SEU response at the intermediate
LET values. The angle of incidence of ion-beam was increased

from normal incidence (0 ) to 45 and 60 to vary the effec-
tive LET for a given ion. The DUTs, being serial shift registers,
are ideal for standard Bit Error Rate Test (BERT) methods. The
test set consisted of, fundamentally, a data source and an ana-
lyzer to examine the output of the DUT. The data source was a
custom-built, Pseudo-Random Number (PRN) generator, which
generated long bit patterns. An Anritsu MP1764A, a 12.5
Gbit/s BERT analyzer, which can count bit errors and save the
transmitted data stream in the vicinity of errors, was used. The
data rates were continuously variable from 50 Mbit/s up to the
maximum frequency of operation of a given DUT, and we typi-
cally acquired error information at several data rates of interest.
A computer running Labview under Windows XP controlled the
equipment, gathered the data, and provided some real-time data
analysis. Further, the clock and data inputs were driven differ-
entially with voltage swings compatible to CML voltage levels.
Additional equipments such as a balun, 6 dB splitters, delay-
lines, and bias-Ts were used to derive differential clock and data
signals from a single RF source (Fig. 8).

V. HEAVY ION DATA AND ANALYSIS

Figs. 9–11 show the heavy ion induced event cross-section
as a function of effective LET for all circuits tested in this

work, at various data rates. Event cross-section is chosen for rep-
resentation of upsets in order to decouple the effect of varying
error durations and to present only the physical ion-circuit inter-
actions. As expected, the baseline standard MS SR displays the
highest saturated device cross-section across all data rates
(Figs. 9–11). The downward pointing arrows at LETs of 2.8, 5.8,
and 12 MeV-cm /mg in Fig. 9 correspond to limiting cross-sec-
tions (i.e., no upset bits) associated with the RHBD DI TMR,
GFC SR, and DI SR, respectively. Interestingly, the low-power
version of the DI SR, despite having the same as the stan-
dard MS SR, but with twice as many sensitive nodes, shows

lower or equivalently 60% reduction in (Figs. 9–11) at
almost all data rates. This improvement in is, however, higher
than the estimated improvement or equivalently 46% net
reduction in . The improvement in was estimated by
combining the 73% “reduction” in transistor upset cross-section
associated with using RHBD CBE SiGe HBTs in DI SR and the
expected degradation in attributable to the more sen-
sitive nodes in the DI SR compared to standard MS SR. The
potential reason for higher achieved improvement could be due
to the “immunity” provided by the circuit hardening technique.
Note that this simplified analysis does not account for charge
collection from outside the deep-trench, which was concluded to
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TABLE II
COMPARISON OF POWER CONSUMPTION, AREA, AND SPEED

Fig. 7. Die micrograph of a 16-bit shift register (a) and its TMR implementation (b).

Fig. 8. Block diagram of the heavy-ion test-setup for SEU characterization of
16-bit RHBD shift registers.

be significant in second-generation SiGe HBTs [4]. This simpli-
fication further disregards the “function-related” sensitivity of
individual transistors in the circuit observed in a previous work,
which, however, also concluded that larger transistors present
larger sensitive area [12]. The high-power version of the DI SR,
as expected [14], showed significantly better performance over
the low-power DI SR version at lower data rates, to a lesser ex-
tent at higher data rates, across all ion LETs. The high-power
GFC SR showed the better performance over DI SR at

Fig. 9. Device cross-section (�) as a function of effective LET for data rate =
1.0 Gbit/s.

low data rates and progressively degraded as the frequency in-
creases, but always remained better than or comparable to that
of the DI SR.

The heavy ion test data showed limiting cross-sections in both
“double RHBD” DI TMR and GFC TMR at 1 Gbit/s (and at
higher data rates) up to an LET of 75 MeV-cm /mg (Fig. 9).
However, at data rates below 100 Mb/s in GFC TMR and below
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Fig. 10. Device cross-section (�) as a function of effective LET for data rate
= 0.1 Gbit/s.

Fig. 11. Device cross-section (�) as a function of effective LET for data rate
= 0.05 Gbit/s.

50 Mb/s in DI TMR the SEU response degraded considerably.
Despite this anomalous low data rate behavior, the fact that
TMR offers significant improvement in the SEU response of the
shift registers is in itself an important and encouraging result.
Interestingly, the TMR in GFC SR did not provide as much im-
provement in at low speeds as the TMR in the DI SR (Figs. 10
and 11). In addition, the of GFC TMR was worse than that of
high-power GFC SR at low data rates. Although this observa-
tion could possibly be explained based on the reduced bias cur-
rent in the constituent shift registers, it is still puzzling to note
that register-level redundancy and voting had little effect in im-
proving the overall SEU immunity at low data rates, given that
the GFC SR in itself had the best performance among non-TMR
shift registers. That said, cross-section data for low-power GFC
SR would be required for a more meaningful comparison.

Figs. 12 and 13 show that the event cross-section of all the
shift registers except the DI TMR and GFC TMR increases with
frequency at LETs values of 8.5 and 53 MeV-cm /mg, respec-
tively, which is in agreement with a previous study in first-gen-
eration SiGe shift registers [2] and consistent with clock edge
related SEU sensitivity. This result is evidently in disagreement
with results from a previous study using second-generation SiGe
technology [5], in which even though increased with data rate
at low frequencies, a saturation of was noted at higher fre-
quencies.

Fig. 12. Device cross-section � as a function of data rate for LET = 8:5
MeV-cm /mg.

Fig. 13. Device cross-section � as a function of data rate for LET = 53
MeV-cm /mg.

Figs. 14–16 capture the average error per error event
as it varies with the data rate, at LETs of 8.5, 29, and 53
MeV-cm /mg, respectively. It is clear at LETs of 29 and 53
MeV-cm /mg that average errors in all of the circuits except the
TMRs increases with data rate, linearly from a value of 1 at low
data rates to as high as 8 at 4 Gbit/s in the unhardened standard
SR. All other circuits show relatively lower average errors per
event compared to the standard SR, which could possibly be
due to lower upset durations in these circuits, hence resulting
in lower temporal multiple bit errors. At low LETs (Fig. 14),
however, average errors did not show a linear increase with data
rate, except in the case of the standard SR. In fact, the average
errors remained close to 1 to data rates as high as 2 Gbit/s,
indicating short upset durations. Interestingly, there were no
errors observed at data rates above 100 Mb/s for LETs as high
as 75 MeV-cm /mg in the TMR shift registers and at low data
rates for lower LET values in GFC SR and DI SR (Figs. 14, 15,
and 16). Under such conditions average errors per event was
assumed to be 0.

Table III gives a summary of our SiGe RHBD results,
including threshold LETs of the various circuits. These LET
thresholds were estimated in two different ways; by fitting of a
standard Weibull curve to the data , and by using the LET
value at 10% of the estimated saturated cross section.
For reference, at 1 Gbit/s comparison of the standard MS SR
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Fig. 14. Average errors per error events as a function of data rate for LET =

8:5 MeV-cm /mg.

Fig. 15. Average errors per error events as a function of data rate for LET =

29 MeV-cm /mg.

Fig. 16. Average errors per error events as a function of data rate for LET =

53 MeV-cm /mg.

to the Dual-interleaved TMR SR (worst to best case), yields an
improvement in threshold LET over of based on Weibull
fit parameter, . This is clearly a significant improvement,
and represents the first successful SEU hardening of SiGe logic
circuits. We are encouraged by these results, and believe that

TABLE III
ESTIMATED THRESHOLD LET FOR THE SHIFT REGISTERS

they represent a step forward towards a potentially effective
mitigation path for SEU hardening of SiGe logic using purely
RHBD techniques.

VI. SUMMARY

A combination of circuit- and device-level RHBD tech-
niques was successfully applied in the realization of high-speed
shift registers for the first time in IBM SiGe 8HP BiCMOS
technology. The use of RHBD C-B-E SiGe HBTs with 73%
smaller trench-enclosed (DT-enclosed) area than conventional
C-B-E-B-C devices, and circuit RHBD techniques such as the
dual-interleaving, gated-feedback, and TMR, proved effective
in improving the overall SEU immunity of the shift registers,
to high LET values. Limiting cross-sections were observed to
a LET value of 75 MeV-cm /mg at 1 Gbit/s data rate in DI
TMR. In addition, a significant improvement in threshold LET
was observed in RHBD circuits compared to the unhardened
standard CML shift register.
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