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Performance Degradation Prediction on Proton
Irradiation Effects in 0.35um SiGe BICMOS
Technology LNA

Lawal Mubashiru Olarewaju, Shuhuan Liu, Li Zuoqi, Agil Hussain, Yuan Yuan

Abstract— The 0.35um SiGe BICMOS LNA w as design and simulated by cadence spectre RF design assuming space environment of 63
MeV proton irradiation at the total fluence of 5 x 10*® p/cn?. The current gain degradation w as set at 20%, 40%, 60% and 80% in relation
with dc electrical measurement to compare pre & post irradiation effects on the LNA. The pre-irradiation LNA, attained a gain of 17.4 to
21.89dB at frequency range of 8 to 12GHz with NF below 5.33dB at 12GHz w hile, post-irradiation LNA, 20% and 40% current gain
degradation are able to withstand the tolerance level of proton irradiation w hereas, the 60% and 80% current gain degradation gain (S21)
are reaching negative value. Meanw hile, stability factor (Kf>1) w as sustained for both pre and post LNA proton irradiation throughout the

simulation.

Index Terms— 0.35um SiGe BiICMOS, Low noise amplifier (LNA), Proton irradiation, Current gain degradation, Cadence spectre RF.

1 INTRODUCTION

ilicon-germanium BiCMOS technology has matured intoa
Scommercial platform well suited for space and other ex-

treme environment applications [1], [2]. Its excellent low-
temperature performance, built-in multi-Mrad (SiO2), total
ionizing dose tolerance [3], recent improvements in single
event effect performance via radiation hardened by design
techniques and seamless integration with best-of-breed CMOS
all combines to make SiGe technology attractive. The different
SiGe HBT technologies (5HP, 6HP, 7HP and 8HP) adopted
over the years has shown an extreme hardness to different
kinds of radiation such as proton, neutron and gamma [5]-
[11]. Moreover, this bandgap-engineered Silicon-germanium
(SiGe) technology is also widely recognized for its low-cost,
host of analog, digital, and RF through mm-wave circuit ap-
plications [1], [4]. The combination of SiGe HBTs technology
with state-of-art Si CMOS with deep-sub-micron CMOS de-
vices,and a variety of passive elements allows for system-on-
a-chip (SoC) integration, which is applicable to space-borne
electronic systems [12], [4].

Thelow noise amplifier (LNA) presented in this paper com-
prises of active components (SiGe technology) and passive
components (inductors, resistors, & capacitors) which in turn
forms an integral partof the wireless communication systems.
According to previous findings, when an amplifier is exposed
to radiation, theactive components has always being the sub-
ject of attacks reported due to their sensitive regions where,
the oxide damagein that region eventually resulted into leak-
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age and performance degradation while, the passive compo-
nents lacks sensitive regions [13]. More so, for an effective
LNA performance evaluation; gain, noise figure, linearity,
stability factor and power are usually analyzed and they are
dependenton oneanother. The choice of LNA circuit topology
depends on the primary objectives of the designer.

The experimental work carried out by other researchers on
63MeV proton irradiation effects reported on the commercially
available 5HP SiGe HBT BiCMOS technology incorporated
into RF circuit [10] at total fluence of 5 x 1013 p/cm? indicated
thatthe passive componentsvalues are unchanged while; the
SiGe HBT indicted a degradation in its performance. Moreso,
the 63MeV proton irradiation exposure of 6HP SiGe HBT
BiCMOS experimental work performed on Fig. 1 [14], at the
total fluence 5 x 10 p/cm? showed 80% degradation in the
forward-Gummel’s dc current gain [15] and also at total flu-
ence of 2 x 1013 p/cm? showed 60-70% performance degrada-
tion in the current gain [11], [16] under similar condition.
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Fig. 1. Schematic cross-section of SiGe HBT BiCMOS technology [14]
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Despite, high tolerance level of SiGe HBT BiCMOS technol-
ogies, they are still susceptible to proton irradiation. Collector
currentl. increases, the currentgain ff decreases, and the base
current I, increases post irradiation, thus affecting the total
functionality of the RF circuits. At present, while it is reported
and generally accepted that SiGe HBTs dc electrical measure-
ments are the key agents of change that determines their per-
formance degradation after being set to proton irradiation,
little results have been presented particularly on the actual
percentage current gain degradation in SiGe BiCMOS LNA by
using Cadence spectre RF simulation.

This paper presents cadence spectre RF simulation tech-
niques on the performance degradation prediction on proton
irradiation effects in 8 to 12 GHz frequency band SiGe HBT
BiCMOSlow noiseamplifier (LNA) atthe total fluence 5 x 1013
p/cm?. It is basically on how the current gain degradation im-
pacts the total functionality of the amplifier’s characteristics is
simulated.

2 SIMULATION DETAILS

2.1 SiGe HBT technology

The 100% Si processing compatible SiGe technology implement-
ed into low noise amplifier (LNA) investigated in this research
paper is known as SiGe HBT and is a full 0.35um BiCMOS
technology in commercial production [13]. The Taiwan semi-
conductor manufactory company, TSMC 0.35 pm SiGe HBT
BiCMOS is a state-of-the-art BiCMOS process, enabling high
performance RF circuitry used with digital circuits and highly
compatible to the 0.35um mixed signal base process. The
0.35um CMOS process is designed with a thick dielectric and
top metal layer, which raises the performance of the intrinsic
passive components, such as inductors and capacitors and its
provides the designer with high performance SiGe HBT tech-
nology having a maximum frequency, fr at 80 GHz, 3.3V and
5.0V of high driving capabilities and excellent ESD perfor-
mance. The SiGe HBT emitter area (Ar) of 0.3 x1.04 um was
studied by cadence spectre RF simulation techniques to align
with previous experimental findings.

2.2 LNA Circuit Design

The SiGe HBT LNA was designed to cover 8 to 12 GHz band
using two- stage common emitter cascoded LNA topology.
The topology used is similar to [17] shown Fig. 2. It was con-
sidered based on its increased gain and uncommonly used for
irradiation. The transistors (Q1, Q2 & Q3) size is (0.3X1.04
pum?) each of 0.35um lithography SiGe BiCMOS technology
platforms in cadence spectre RF was used for the design inor-
der to align with previous report on proton irradiation effects
in IBM 5HP and 6HP transistors of the same sizes [16]. This
circuitry topology was adopted based on its increased gain
and improved isolation compared to the single stage. Its
drawbacks are higher noise level because of more transistors

introduction and lower circuit linearity [17].

Veor Ve
Lo Le
Le Re
Cy
—— RFor
C G
Q3
Q2
C Rs2
RFn o—{ Ql

Veez } Le;

Va1

Fig. 2. Schematic circuit of SiGe HBT LNA

The cascoded common emitter (CE) circuit was used as in-
put stagein this amplifier. It is designed to achieve a low noise
figure and relatively of high gain. The first stage was opti-
mized to actualize good input matching in the desired fre-
quency band range (8 to 12 GHz) for low noise and high gain

while, second stage design is implemented as a CE stage also
having a negative feedback loop applied for stabilization.

The bias resistance Rp; of the first stage was set in front of
the input matching inductor Ls, this resulted in a relatively
good input match according to simulation. The first and sec-
ond stages were designed using inductive emitter degenera-
tion in order to concurrently achieve good noise and imped-
ance matching. The inductor value of Lg, resulted in the best
fit performance and the inductor value of L, was used for
emitter degeneration in the second stage also tuned to achieve
higher gain. According to the simulations, a slightly higher
value for the emitter inductor of the second stage accomplish-
es a better impedance matching between the two stages.
Meanwhile, input impedance matching was also determined
by Ls together with C; value added to the matching network.
RF chokeinductors Lazand Lz are used for both stages to sup-
ply the collectors with best desired bias voltage Vcer and Ve
respectively without losing the signal to the supply. Each RF
choke inductors used are two serially connected inductors in
order to efficiently block RF signal from leaking to the supply
voltage (also AC ground). The positive feedback loop in the
first stage was designed to reduce the Q factor and also to in-
creases the bandwidth of the amplifier and the negative feed-
backloop is for stabilization. The blocking capacitor used was
designed for isolation of the base bias from the collector bias,
and also for matching. The bias currents and voltages used for
this amplifier simulation and other parameters are summa-
rized below in design values of Table. 1.
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TABLE 1
DESIGN VALUES FOR THE COMMON-EMITTER SIGE HBT LNA

Symbols Values Symbols  Values Symbols Values
Q1 0.3x1.04pm? Lo 3.10nH Rs 200Q
Q2 0.3x1.04pm? C 903fF Rr 280Q
Q3 0.3x1.04pm? C 3.0pF Re:, 5kQ
Lg 1.47nH C3 30pF Rs2 5kQ
Ls 2.2nH Cs 230fF lca 3.3mA
L¢ 891pH Vce 2.3V lc2 3.9mA
Lex 132pH Vee2 2.3V Poc 16.6mW
Le l75pH VBBll 1.0V
Lci 3.10nH Vss2 1.0v

3 SIMULATED RESULTS AND DISCUSSION

3.1 Predictive Irradiation Response

The dc electrical agents of changes (current gain 8, base cur-
rent I, & collector current I;) that occurs when SiGe HBT tech-
nology are irradiated are closely related mathematically (8= I
/ Ir). The experimental results reported on the performance
degradation of 6HP SiGe HBT BiCMOS when exposed to
63MeV protonirradiation at total fluence of 5 x 1023 p/cm? on
Emitter area Ag, 0.3x1.04pm2[11] and 0.44x3um2[16] shows 60-
70% and 80% degradationin their dc current gain ff respective-
ly. Asrecorded, the base current I, increases with proton irra-
diation, which is an indicative of radiation-induced damagein
SiGe HBT [1], [4] due to the production of genera-
tion/recombination (G/R) trapping centers, which causes re-
duction in the minority carrier lifetime and degrade current
gain f of the device located around the periphery of the EB
spacer oxide [8]. In addition, it was noted, that both collector-
base (CB) and emitter-base (EB) junctions are also used to as-
certain the level of radiation damage but, when compared,
there is always a slightly less degradation at CB junction than
EB junction for proton radiation. In relation to the low noise
amplifier if assumed implemented into the 6HP SiGe HBT, the
dc electrical measurements changes will affect the total func-
tionality performance of the amplifier.

The SiGe HBT LNA was simulated by assuming space-
extreme environment of 63 MeV protons at total fluence of 5 x
103 p/cm?and set to have maximum 80 % degradation current
gain f in accordance with the experimental results reported.
The simulated results stated in Table 2 show that, the current
gain f values decreases while, base current I, & collector cur-
rent I values increases with an increasein theirradiation dos-
age from 20 to 80% of 5 x 1013 p/cm?2. Meanwhile, the S-
parameters are commonly used to characterize the electrical

response of high frequency transistors. In this work, the tran-
sistor’s dc electrical value varies from one another indicating
different buildup of radiation-induced degradation in the am-
plifier performances.

TABLE 2
SIMULATED PERCENTAGE DEGRADATION OF SIGE HBT LNA DC
ELECTRICAL MEASUREMENT OF PREAND POST PROTON IRRA-
DIATION AT TOTAL FLUENCE OF 5 X 10* p/cm?

T ransistor DC Pre- Post Post Post Post
LNA 20% 40% 60% 80%

B 181.10 150.4 12920 111.60 98.09

Q1 lcma | 3.28 7.15 10.35 12.79 1475
lbwa | 18.11 4751 80.14 11470 150.3

B 180.70 150.30 12760 109.60 96.94

Q2 lcmay | 3.26 7.10 10.27 12.68 14.60
lbwa | 18.04 47.24 80.50 115.70 15060

B 242.40 170.40 13950 120.00 10550

Q3 lcmay | 3.92 7.89 11.01 13.60 15.70
lbwa | 16.16 4597  78.89 113.40 14890

According to the simulation, results of preand post irradiation
LNA were compared and categorized into S-parameter analy-
sis, Noise figure and Stability factor analysis, and Linearity
analysis to ascertain their performance degradation.

3.2 Pre-lrradiation Performance

TheSiGe HBT LNA was simulated at1.0V for Rp; and Rgz, and
2.3V for Vcar and Vee as shown the Fig. 2 schematic. The re-
sults overview in Fig. 3 is the S-parameter response of the am-
plifier pre-irradiation. The S-parameters presented indicated
an input and output impedance matching better than -10 dB
almostwas achieved over the entire X-band and a gain greater
than 10 dB was actualized for wider bandwidth. The LNA
performance is summarized below;

LNA performance:
Gain (521): > 10 dB in the frequency range: 2.0 to 16.4 GHz

InputReturn Loss (S11): < -10 dB in the frequencyrange:7.5 to
11.0 GHz

OutputReturn Loss (S22): < -10 dB in the frequency range: 8.7
to 18.6 GHz

Reverse gain (S12) : <-30 dB throughout the range.
Noise (NF): < 5.3 dB in the frequency range: 1.22 to 12.0 GHz
Stability factor (Kf): > 1

The stability factor (Kf) is greater than one indicating good
stability of the amplifier as shown in Fig. 4 of pre-irradiation
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NF & Kf of LNA. Meanwhile, the linearity of large signal per-
formance of LNA was analyzed using the first single tone test
and follow by two-tone testas indicated in Fig. 5 and 6 of P1dB
output compression and IIP; of third order respectively. The
P1 dB compression point and third order intercept point was
estimated at frequencies f1;8 GHz and £2; 8.25 GHz. The simu-
lated results show that P1dB equals -24.4dB at 8GHz in port2
(output) while, the OIP; equals 34.96dBm and IIP3 equals -
19.95dBm.

Table 3 summarizes the comparison of this work with other
research indicating that the results achieved are very good
particularly in thearea of attaininga gain of 21.89dB at 8GHz
with power dissipation of 16.55mW.
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Fig. 3. Pre-irradiation S-parameter response of LNA
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Fig. 4. Pre-irradiation NF & Kf of LNA
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Fig. 7. The pre and post proton irradiation of SiGe HBT LNA gain (S21)
degradation
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TABLE 3

LNA PERFORMANCE COMPARISON WITH OTHER RESEARCH

WORK
Process Topology Freq NF Gain 11P; Power Ref
(GHz) (dB) (dB) (dBm) (mw)
UTSi Single- 3 1.7 7 10 15 [18]
SOS stage CS
0.5um
CMOSs
0.5um Single stage 15 4dBup 10dB 2 24 [19]
SiGe CE+CC to up to
HBT feedback 15GHz  12GHz
0.5um Two stage 23 4.1 21 N/A 50 [20]
SiGe CE
HBT
0.35um Single stage 6 25 16 -7 13 [21]
BiCMOS cascoded
CE
0.8um Two- stage 16 4 115 N/A 8 [22]
SiGe CE
HBT
0.25um Single- 8 34 9.3 -1.14 75 [17]
SiGe stage CE
HBT
Two-stage
33 185 -12.35 156
CE
0.35um Two-stage 8 35 21.89 -19.95 16.6 This
SiGe CE work
HBT

3.3 Post-Irradiation Performance

3.3.1 S-parameter analysis

The electrical measurements of LNA were made to quantify
theirirradiation tolerance level to percentage degradation. Fig,
7 showed theimpact of proton exposure on LNA small signal
analysis of gain in decibel and frequency response on how
current gain potentially affects their circuit behavior. The 20%
current gain degradation simulation of post-irradiation LNA
gain was still sustainable with an increased value of 22.77dB at
8GHz, 21.41dB at 10GHz, and 17.53dB at 12GHz when com-
pared with the pre-irradiation LNA results of 21.89dB at
8GHz. But, from 40% current gain degradation downwards,
the level of gains started dropping drastically with a wider
margin stating the tolerance level of the SiGe HBT LNA to
protonirradiation. The current gain decrease as function of the

total dose in a bipolar transistor is a result of increases in the
base current because of oxide trapped charge and recombina-
tion rates causing radiation damage in the emitter-base (EB)
junction. At60% current gain degradation, the frequency gain
isnegative with -3.118dB at 12GHz and for 80% degradation,
the only encouraging frequency gain is 1.78dB at8GHz, while,
-2.96dB at 10GHz and -7.46dB at 12GHz are negative value
respectively. This shows that, an increase in current gain deg-
radation reduces gain of the amplifier.

3.3.2 Noise figure & Stability factor analysis

The rate of noise figure level also increases with the current
gain percentage degradation. Justin the same way as the gain
level decreases with regard to the radiation damage. The in-
creased base current in the EB junction, raises the level of
noise in the LNA as shown in Fig. 8. The noise figure of pre-
irradiation LNA which is less than 5.3dB at 12GHz increases
as the percentage degradation increases with, 20% at 6.69dB,
40% at10dB,60% at13.94dB,and 80% at15.69dB all in 12GHz
point. Fortunately, the stability factor shown in Fig. 9 for both
pre and post proton LNA irradiation throughout the current
gain percentage degradation weresstill able to survive the pro-
ton irradiation simulation by maintaining its stability value of
more than one (Kf>1). Its confirmed that the LNA is uncondi-
tional stableand it is very stable at the total fluence of 5 x 1013
p/cm2with 80% current gain degradation and also to affirmed
that the extrinsic passive components that bring about the sta-
bility of the LNA are completely tolerantto proton irradiation.
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Fig. 8. The pre and post proton irradiation of SiGe HBT LNA NF
degradation
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Fig. 9. The pre and post proton irradiation of SiGe HBT LNA Kf deg-
radation

3.3.3 Linearity analysis

The ability of the LNA design to recover from short, high
power inputsignals without causingany distortion and dam-
age is very important for it robustness. From the simulated
results, the total power consumed by LNA in each of the per-
centage degradation increases; pre-LNA is 16.6mW, 20% deg-
radation is 34.4mW, 40% degradation is 40.1mW, 60% degra-
dationis 60.7mW, and 80% degradation is 70mW and the 1dB
compression point, input referred 3rd order intermodulation
point (IIPs) and output referred intercept point (OIPs) for the
LNA using two input signals with frequencies 8GHz and
8.25GHz respectively are stated in Table 4.

TABLE 4
SIMULATED PERCENTAGE DEGRADATION OF SIGE HBT LNA
LINEARTY MEASUREMENT OF PREAND POST PROTON IRRADIA-
TION AT TOTAL FLUENCE OF 5 X 10* p/cm?

Linearity Pre- Post Post Post Post
LNA 20% 40% 60% 80%
P:dB(dBm) | -24.6 -22.6 -12.6 -95.6 -145.8
1IP; (dBm) -19.9 -19.4 -16.4 -15.8 -15.5
OIP3 (dBm) 34.9 36.31 39.9 41.9 41.9

With the power increased at every percentage current gain
degradation beyond a certain point, the gain of the LNA de-
creases, and eventually, the output power as described in the
Table IV will reach saturation. At that point of input power
enabling the LNA reaching saturation, the gain starts to com-
press leading to nonlinearity.

4 CONCLUSION

To our knowledge, this finding presents the first simulation
technique on the performance degradation on proton irradia-
tion effects in 8 to 12GHz frequency band of 0.35um SiGe HBT
BiCMOS Low noise amplifier (LNA) at the total fluence 5 x
10B p/cm2 The LNA was designed using common emitter
cascoded LNA topology having a gain 21.9dB at 8GHz, noise
figure below 5.3dB across the frequency band, and IIP; of -
19.9dBm. The LNA was simulated with current gain degrada-
tionsetat20%,40%,60%,and 80% in accordance with the key
agent of radiation damage (current gain [, base current I, &
collector current Iy) to predict the actual effects of proton irra-
diation in the device. It was discovered that only the 20% and
40% current gain degradation are able to withstand the toler-
ance level of proton irradiation whereas, the 60% and 80%
current gain degradation gain (521) arereaching negative val-
ue together with high noise figure of higher power 60.7mW
and 70.03mW respectively leading to their nonlinearity. For-
tunately, stability factor (Kf>1) was sustained for both pre and
post LNA proton irradiation throughout the simulation con-
firming its unconditional stability, its reliability at the total
dose of 5 x 1013 p/cm? of 80% current gain degradation and
alsoto affirmed that the extrinsic passive components are tol-
erant to proton irradiation.

This paper will help as predicted to check the uncertainty in
the actual percentage current gain degradation on proton irra-
diation effects in SiGe HBT BiCMOS technology LNA.
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