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Abstract—The radiation hard design of a low noise, 500  To facilitate the design of the radiation tolerant frontden
MHz, 0.13 um CMOS front-end for a Light Detection And  the radiation effects described are modeled in a radiation
Ranging (LIDAR) receiver with mm accuracy is presented. The 546 which takes into account the maximal variations of
design features enhanced tolerance to radiation induced threskab . . .
voltage shifts by employing a current steering compensation the shifts in the MQS transistor threshok_j voltage for the
mechanism. In order to generate an accurate timing point, technology used. This model allows us to simulate the system
independent of the amplitude of the input signal, a new Current- for a large range of variations and foresees an evaluation
Mode-Gain-Control (CMGC) structure was developed using a of the robustness of the design to parameter shifts induced

replica-based current divider. The design was simulated using a 1, ionizing radiation, temperature drift or intrinsic pess
worst-case design methodology, which is developed to facmtatevariations '

the design and evaluation of analog circuits that are robust to : . . L
parameter shifts induced by ionizing radiation, temperature drift In this work we only consider ionising gamma radiations.
or intrinsic process variations. The radiation effects are handled at both circuit level and

Index Terms—CMOS, radiation hardening, analog, design layout level. Since we will use radiation hardened transsst
methodology, current mode gain control, current steering, toth at the component level, i.e. with an enclosed lay-out and p+-

ionizing dose (TID), simulation. guard rings, we merely consider variations of the threshold
voltage shifts in our radiation model, since most radiation
|. INTRODUCTION induced leakage currents will be suppressed. The expected

HE aim of this work is the design of a radiation toler-dose levels for our applications are about 1MGy in a tem-
erature range a£5°C to 100°C.

ant transimpedance amplifier circuit for a mm accura S e .
LIDAR receiver ?_IDAR is the? optical equivalent of the Well& The radiation induced shifts in the MOS transistor threghol
known RADAR (Radio Detection And Ranging) system an&oltage, which could degrade the performance of the circuit
[e tackled with a current steering compensation mechanism

uses optical rays instead of microwaves to determine tf The desian further introd | . luti
position of an object. The envisaged LIDAR system will be '€ desidn urther introduces a low noise solution to

used in the MYRRHA reactor, which is being designed in th%nable CMGC, independent of the MOS transistor threshold
Advanced Nuclear Systems Institute of SCK-CEN voltage. This is conventionally implemented using a Gilber

The main focus of the LIDAR system is to measure th%e”' which relies on the s_t.ability of the threshold voIta{@@a
height of a Pb-Bi eutectic fluid in constant motion. Thé)yr proposed solution utilizes a replica of the low noise TIA

position needs to be determined with an accuracy of a féWh gvarlable_ transconductance.

mm and should be updated on a ms basis. These requirements!iS Paper is therefore structured as follows. In the next

put a serious strain on the receiver specifications. Thetedg Chapter, after a brief summary of the most important raoiati

accuracy corresponds with a jitter specification of onlya feinduced effects observed in MOS structures, the design

picoseconds. The dynamic range (DR) of the input signal cgethodology for radlat_lon hardness assurance is presented

approximate 100 dB and needs to be reduced by the Rigbsequently, the design of the LIDAR receiver front-end

of automatic gain control (AGC) structures in the receivednd the simulation results are discussed and the robustfiess

channel. the receiver with respect to radiation or temperature irduc
Besides these challenging specifications of the LIDAR r&h@nges in the threshold voltage is demonstrated.

ceiver the necessary precautions need to be taken to improve

the radiation tolerance of the circuit. The effect of ionii Il. DESIGNMETHODOLOGY

radiation on CMOS integrated circuits has been described i

literature [1], [2] and [3]. nThe most sensitive part of a MOS device when exposed to

ionizing radiation are the isolating oxide materials, sastthe
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NMOS the positive gate oxide charges cause an initial deere@obust technologies [5]. The scaling of technologies hasvsh
of the threshold voltage, which is followed by a subsequeat steep decrease of the degeneration of MOS transistors
increase, caused by the charged interface states. for technologies with a thin oxide [1]. This enables cheap
The field oxide of the isolation structures (STl or LOCOSommercial technologies in the field of radiation hard desig
exhibits the same degradation mechanism as the gate oxidédnce the process technology is chosen, a radiation model
This enables a parasitic conductive path from source tmdratan be extracted for the given environment and process
which gives origin to an increase in the 'off’ state curreft aechnology. The design must be simulated and designed to
a n-channel transistor. meet the specifications under any circumstances. Therefore
The inherent radiation tolerance of the thin gate oxide t¢fie model has to comply every worst-case scenario possible
modern deep submicron CMOS technologies has made cheapthe environment. The worst-case scenario means tha ther
commercial-off-the-shelf (COTS) technologies appeafiogn  needs to be taken an overestimate of the real conditions to
a point of view of radiation hardness. Nevertheless sondefine the corners of the model. When no measurements of
radiation induced shifts of the threshold voltage still e#m the process technology are available under the application
[4]. This could degrade the performance of analog circuitispecific circumstances, the model must be extrapolated &rom
and should be avoided or compensated. Radiation hardeniafgrence radiation model. An overestimation can be assume
by layout has proven to eliminate most of the leakage curremhen a model from a technology with a thicker layer of oxide
[1]. This, however, requires the use of Enclosed Layout Trais used as a reference for extrapolation. The extrapolasion
sistors (ELT) which tend to have a large gate and source/draione using thé/r o t2, relationship. This is an overestimate
capacitances, an increased 1/f noise and are more cumiersfon submicron technologies [7].
to model [1]. The design has to be flexible enough to tolerate a drift of the
To simplify the design of analog circuits, that prove to b&OS transistor parameters. More flexibility is introduced b
more robust to shifts in their electrical parameters, agfesiusing an optimal operating point for the devices. The design
methodology is proposed using a worst-case design strategpn also be made more robust to process variations in the MOS
The proposed design flow is shown in figure 1. transistor parameters. Current steering of the load tstorsi
in a classic differential pair leads to a compensation of the
threshold variations. The current steering mechanism hwhic
compensates the threshold variations is illustrated inrdid

System Specs
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Technology

radiation
“. model?

extrapolate

= Radiation Model

Y

Design
worst-case enhance Fig. 2. Schematic representation of a current steering cosapien mech-
=  Simulation anism.
Y When the gate of the load PMOS transistavs,, , is

grounded, an increase in the threshold voltage will lead to
an increase inVpg a2. This will result in a higher output
resistance. The proposed design will compensate the serea
Fig. 1. Design flow for analog circuits that are robust to peeter shifts. IN Vps a2 and thus the output resistance by correcting the
gate-source voltage of the load PMOS transistdigs aso.
First an analysis of the system requirements is performékthe diode-connected PMOS transistdds, will adapt his
The critical specifications of the design are identifiedetbgr gate-source voltag€ss a3 to make sure that the currehf2
with the operational and environmental conditions of thitbows through the transistor, as long as he remains saturated
circuit. The environmental conditions of the circuit indy The corresponding variation dfgs a2 results in a smaller
the radiation levels, and an estimate of the temperaturgeranincrease oft/pg aso.
In the next step the process technology is chosen, withThis design can be altered when the common-mode output
a given set of intrinsic process variations. This can vampltage is used instead of the diode-connected transikfor,
from cheap commercial technologies to more expensive afitle common-mode output voltage will decreaseVas aro
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increases. Connecting the common-mode output voltageinothe receiver with a CMGC cell and a Voltage Mode Gain
the gate of the PMOS load transistors will reduce the ifGontrol R-2R voltage divider. The amplitude of the output
crease inVpg a2. This mechanism however also needs asignal is measured by the peak detector, which controls the
alternative adaptation of the biasing current to maintaie t AGC structures. The output of the peak detector produces
input transconductance,, »s1. To do so, the use of bleedera 4-bit digital word, corresponding to the amplitude level,
transistors is needed, at the expense of an increased muiseraeasured at the output of the TIA. The bandwidth of the
a reduced bandwidth. channel should be large enough not to distort the small pulse

Finally, the design is simulated with a Monte-Carlo sweefpor this design oversampling of the number of measurements
that varies the parameters of the radiation model. Thediofit with a factor N is chosen and the bandwidth can be reduced
these variations are imposed by the worst-case bounddriesmiih a factory/N [9].
this model. If the performance of the design does not meetThe fully differential transimpedance amplifier (TIA) is
the specifications, the design must be revised. The worshown in figure 5 and is designed for low noise, high band-
case approach also foresees a margin that allows the desiguvieith and employs current steering for radiation purpo3es.
to take peak deviations into account. The performance oiftain low noise, the TIA has a high input transconductance
the design can now be evaluated for any deviation of tlfe3 m.S), capacitive matching with the large input capacitance
parameters. In this work the shift in threshold voltage keta of the diode (.35pF) and a fairly low voltage gain of the two
equal to the largest threshold voltage shitW;x .. and stagesAy (= 25). The transimpedance resistance is limited
AVrp magz) Of the weakest device for every NMOS and PMO%$o 4 £ in order to satisfy the bandwidth requirement. The
transistor. This does not compromise the worst-case socenasecond stage can be made significantly smaller to ensure

stability.
[1l. FRONT-END DESIGN

The LIDAR system is implemented using a pulsed time va, L
of-flight (PTOF) strategy to measure the distance. The bloc MBH}—J—{FJM& szj}—‘ |—<
diagram of a LIDAR system is shown in figure 3. A short lasel
pulse is generated and transmitted to an optically reflectiv ﬁ I
target. An electrical reference signal is taken directbnirthe
transmitter to a time interval measurement circuitry (titoe
digital converter, TDC) as a start pulse. The reflected aptic _
pulse is detected by an external photodetector, which ctswve

it into a current pulse. Mj:“j L{':m L{IIMe
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* Target Fig. 5. Schematic diagram of the transimpedance amplifier
F The CMGC cell must be transparent for small signals and
must have a low noise contribution when enabled. A Gilbert
cell cannot be used in this work because the attenuatioreof th
cell depends on the threshold voltage. The proposed CMGC
cell is shown in figure 6. This is a replica of the TIA with
a variable transimpedance resistance, which employshlaria
current division to attenuate the input signal.

The replica only contributes to the noise when it is enabled,
ea?llowing small signals passing through with a large sigoal-

This current pulse is further amplified by the receiver ; ; . .
channel and a timing discriminator generates a stop sigrﬁ‘aﬂIse ra'_uo (SNR?' When the replica is enabled the equivalent
nput noise contribution becomes:

for the TDC. The timing point, at which the logic pulse id

generated, must be independent of the amplitude of the input

signal. When the zero crossing point of a differentiatedolaip di§q7in

is used as a timing mark for the timing discriminator, the

timing point becomes insensitive to amplitude variatiofise With Ry .qr the variable transimpedance resistance of the

designed receiver front-end is indicated with a dashedifinereplica. The noise contribution 4y, lower than a normal cur-

figure 3. rent divider using passive components. The noise coninibut
The schematic of this receiver channel is depicted in figuod the replica is very low, and allows very small input signal

4. The main factors that generate an error in the timirtg be processed with high accuracy. The input capacitance

mark are amplitude variations of the input signal and noiskeads to a small decrease of the bandwidth when the replica is

Amplitude variations can be minimized by the use of AG@isabled. The bandwidth increases when the transimpedance

to process the signal in a linear way. AGC is implementa@sistance of the replica is enabled.

1!
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Fig. 3. Block diagram of a LIDAR system.

kT
be,'ua'r

df )

194



Peak
Detector

1 ~ high-pass
' | cmac TIA > R-2R PA> h-pa

Fig. 4. Block diagram of the LIDAR receiver front-end.
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- = m Fig. 7. Simulated bandwidth [ MHz ] of the receiver using thersto

case design methodology a00°C. Also shown is the total ionizing dose
corresponding a threshold voltage shift.

Fig. 6. Schematic diagram of replica TIA as a CMGC cell.
9

The resulting threshold voltage shift is also indicated for
IV. SIMULATIONS different cumulative dose values. This results show that th

The design is simulated with the13 um CMOS tech- performance of the design was not compromised by the

nology of UMC. The total accumulated ionizing dose at thtep.re.ShOId voltage shifts, with Igrge_margm (up to 14dBg Th
. . minimal bandwidth of the receiver i$20 MHz. The phase
close environment of the MYRRHA reactor is expected to

exceed 1 MGy. Temperature levels can riselt®°C. The margin always e>.<c.:eedﬁ) - The receiver remains ;table in the
) . . . worst-case conditions. The maximal integrated input retéer
oxide-thickness for this technology &7 nm and there is

no radiation data available for this technology. The makima ¢ 19 aboul_LBO nA. With a minimal SNR of 10_’ signals of
.8 A can still generate an accurate timing point.

threshold wvoltage: shifts for the worst-case boundaries A urther observation show that the bandwidth is less seesiti

extrapolated from the_ |rrad|ate_d I/O_tran5|stors .83 im to threshold voltage changes of the PMOS transistors. This
CMOS technology with an oxide-thickness ®fm [4]. The h .
means that the increase of the output resistance, due to

results are shown in table I. threshold variations, is compensated by the current sigeri
mechanism.
A. Seady Sate Behaviour
The bandwidth, phase margin and input noise of the desifn Transient Response
were simulated when the CMGC cell is disabled at a temper-Figure 10 shows the transient response of the receiver for
ature of100°C. The results are displayed in figures 7, 8 anidhput signals with a large dynamic range and different gain
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TABLE |
BOUNDARIES OF THE MAXIMAL THRESHOLD VOLTAGE SHIFTS FOR THE WRST-CASE RADIATION MODEL FOR THE0.13 pm CMOSPROCESS
TECHNOLOGY OFUMC. THE VALUES ARE EXTRAPOLATED*) FROM AN IRRADIATED 0.13 pm CMOSTECHNOLOGY (OXIDE-THICKNESS= 5 nm) [4].
ALSO SHOWN ARE THE MAXIMAL VARIATIONS OF AN IRRADIATED 0.13 um CMOSTECHNOLOGY WITH AN OXIDE THICKNESS OF2.2 nm [4] FOR
COMPARISON

5 nm 2.7 nm* 2.2 nm
AV, AVr, AV, AVry AV, AVry,
min. | =100 mV | —440 mV | =30 mV | =128 mV | =23 mV | —22 mV
max. 150 mV 0mV 44 mV 0mV 5mV 0mV

z s DeltaX=239p :
£ : s : @
3 \ - CMGC uit (2uA - 10uA)
\ " W420kG !

: NGEESIN

= i 2 H H
Z H Y \ :
i : \ DeltaX=65.9p
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Fig. 10. Transient response of the receiver channel foemifft settings of
the gain control.

Fig. 8. Simulated phase margin[ ] of the receiver using the worst-
case design methodology a60°C. Also shown is the total ionizing dose

corresponding a threshold voltage shift. about is 60 mV added to detect the zero crossing point.

Oversampling of the measurements increases the accuracy
of the timing. This allows us to achiewem accuracy at a
kHz sample rate.

V. CONCLUSION

This work presents the radiation hard design of a low noise,
500 MHz, 0.13um CMOS front-end for a Llght Detection
And Ranging (LIDAR) receiver with mm accuracy. The design
has shown a great tolerance to radiation induced threshold
voltage shifts by employing a current steering compensatio
mechanism and a careful design topology. This is necessary
due to the expected high radiation levels and temperatares i
ok ) , AR the environment of the MYRRHA reactor.

% \ \ o\ The dynamic range of the input signal was reduced by AGC.
115 e \ i \ The main feature is a low noise CMGC cell, based on a replica
sl \ \ -\ \: . \ L R of the low noise TIA. The common-mode output voltage of
A A oSy e replica could for instance be used to compensate for vanati
in the threshold voltage.

‘ _ _ _ _ _ The design was simulated using the worst-case design
Fig. 9.  Simulated input noise [ nA ] of the receiver using thersto . L
case design methodology a60°C. Also shown is the total ionizing dose methOdOIOgy and proved to be tolerant up to hlgh lonizing
corresponding a threshold voltage shift. dose levels¢ 1 MGy). This design methodology used an ex-

trapolated radiation model of the simulated processtdolyyo

To verify the results, the design should be irradiated with
settings for a temperature aH0°C and no irradiation. This gamma rays and monitored during irradiation, with due atten
set-up corresponds to the minimal bandwidth of the receivéion for possible dose rate and other thermal or polariratio
The maximal simulated error of the measurements due taeated recovery phenomena.. The design needs to be edtende
varying amplitude i$6 ps, which corresponds t&-1 cm. This  with a TDC and digital logic. The effects of SEE on digital
can be reduced t94 ps (=4 mm) when an offset voltage of devices should then also be modeled in the radiation model.

AV, pMOS [mV]

196



Our design methodology also applies to other material
systems. It should also allow us to develop robust devices
using strain-engineered technologies such as SiGe [10] and
MuGFET [5] components, in order to further enhance the

performance of the current commercial technologies.
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