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Abstract: 

This article presents the design of an LC-Tank voltage-controlled oscillator (VCO) for space 

and high-energy physics (HEP) applications. The main goal of this work is to design a 

radiation-hard oscillator to be integrated into a phase-locked loop (PLL), compliant with (but 

not limited to) SpaceFibre protocol requirements, which is able to support the 6.25 GHz 

frequency. The full custom schematic and layout of the LC-VCO are reported in this work. 

The LC-VCO is implemented in a commercial 65 nm CMOS technology, and its electrical 

characterization highlights a tuning range (TR) from 5.4 to 6.8 GHz. An experimental chip 

was fabricated and irradiated with X-rays up to 1 Grad (SiO2) total ionizing dose (TID) level 

at CERN facility. The TID experiment and measurement results are analyzed and discussed. 

The LC-VCO shows a frequency degradation of 2.54% and a 3.34% increment in phase 

noise at 1 Grad TID. The results achieved are of interest for both space and HEP 

applications. 

DOI: 10.1109/TNS.2021.3102481 

SECTION I. Introduction 

CMOS technology has become popular for space and high-energy physics (HEP) 

applications due to its increasing tolerance against radiation with technology scaling [1]–[3]. 

The total ionizing dose (TID) effect plays a major role in silicon technologies; indeed, it has 

been investigated for decades [4], [5]. While a single-event effect (SEE) temporarily disturbs 

the operation of the circuit, silicon may degrade over time with TID. The degradation of 

charge carrier mobility, threshold voltage, and flicker noise performances due to TID results 

in slower devices and lower current gain. 

Although space applications require TID levels lower than 1 Mrad, HEP applications need 

electronic devices with higher radiation-tolerance levels as a key point for results reliability. 

In the setup of large hadron collider (LHC), the electronic integrated circuits fabricated in 

commercial silicon technologies are qualified for a few hundreds of Mrad [6]. 

According to the current CERN schedule, a future upgrade, high-luminosity LHC (HL-LHC) 

will take place in the years 2023–2025. This upgrade will produce a ten-fold increase in the 

luminosity of the experiments. Therefore, the increase in particle collisions will result in an 

unprecedented level of radiation in the detectors, and a complete redesign of the front-end 

(FE) electronics will be required to cope with the high data rates. Future high-speed 
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communication links will have to extract large amounts of data from the HL-LHC pixel 

sensors at data rates up to 10 Gb/s and sustain up to 1 Grad radiation level [7]–[10]. 

Today in the literature, there are no high-speed silicon integrated circuits that can operate at 

1 Grad TID. Only data from measurement of single transistors at such high TID levels are 

available in the literature. Currently, to the best of the authors’ knowledge, the only system 

able to operate near such a high level of radiation is the driver designed in [11], which is 

capable of achieving a data rate of 5 Gb/s at 800 Mrad SiO2. 

All systems inside the FE need a reference clock to work properly. This is typically generated 

using a clock data recovery (CDR), which bases its working principle on a phase-locked loop 

(PLL) and a voltage-controlled oscillator (VCO). 

The need for rad-hard and stable clock generators to sustain high-speed communication is 

also a strong demand in space applications, where, recently, the SpaceFibre 

standard [12] has been released by European Space Agency (ESA). This standard supports 

a maximum data rate of 6.25 Gb/s and requires a total jitter not exceeding 35% of the bit 

interval duration. Since the frequency reference must be provided with ±100 ppm of 

accuracy, rad-hard PLLs working at 6.25 GHz are required. 

In this work, the design of a rad-hard LC-Tank VCO compatible with SpaceFibre protocol is 

presented. The architecture uses an LC tank with an n-MOSFET simple current mirror to 

achieve the high TID level, which, however, results in worse phase noise than other 

solutions [13]. The frequency tuning is obtained with accumulation-mode varactors and the 

controlled oscillator was irradiated with X-rays up to the TID level of 1 Grad (SiO2) at the 

CERN facility. 

The article is organized as follows. Section II presents the choices adopted in the schematic 

and layout design of both VCO and output buffer. Section III collects and discusses the pre-

irradiation data of the oscillator (chip fabricated in 65 nm CMOS technology), and Section 

IV highlights the effects of increasing TID levels on these data. A comparison with the state 

of the art is made in Section V, and conclusions are drawn in Section VI. 

 

SECTION II. Integrated Circuit Design and Implementation 

A. Radiation Effects on the Targeted Technology 

The oscillator was designed in a 65 nm CMOS bulk-silicon technology because, even if the 

silicon-on-insulator (SOI) structure is more SEE robust for its reduced radiation-sensitive 

volume, the buried oxide layer traps the positive charges generated by radiation. These 

accumulated dose charges can drive the MOSFETs from their back gate affecting the 

transistor’s performances [2]–[16]. 

Although CMOS architectures are widely used for their low static-power dissipation and 

high-integration density, the use of minimum size p-MOSFET devices should be avoided 

when targeting high-frequency and high-radiation level environments. 
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Radiation in MOSFET gate oxide generates electron–hole pairs (ehps), whose density is 

proportional to the energy transferred to the target material and inversely proportional to the 

square of its thickness. The holes of the ehps trapped inside the oxide generate an electric 

field that leads to a reduction in threshold voltage for the n-MOSFETs and an increment for 

the p-MOSFETs. The impact of the trapped charge into the oxide is partially compensated 

for the n-MOSFETs by the Si–SiO2 positive interface traps that lead to an increase in the 

subthreshold swing. Both MOSFET types are affected also by the charge collected in the 

lightly doped drain (LDD) spacer oxide and at its interface. Indeed, it can modify the effective 

doping of LDD and increase the overall channel resistance, in a greater way for p-MOSFETs 

and lower for n-MOSFETs. 

The greater impact of radiation on p-MOSFETs is due also to the charge trapped in the thick 

oxide of the shallow trench isolation (STI) between different devices. Indeed, being this 

charge positive, its contribution tends to turn off the p-type transistors. Concerning the n-

MOSFETs, this cumulated charge in STI tends to turn on the parasitic transistors along the 

main channel increasing the leakage current. A classic solution to reduce this effect on n-

MOSFETs is the adoption of the enclosed layout transistors (ELTs) that avoid the interface 

between the channel and the STI thick oxide. However, considering a tradeoff between the 

high-frequency performance reduction of these devices and the low impact that the leakage 

currents have on the VCO architecture proposed in Section II-B, the use of ELT is avoided. 

Summing up all the contributions on the p-MOSFETs, they are extremely affected by 

cumulative doses making these devices completely turned off for TID levels exceeding 600 

Mrad [17], [18]. 

B. LC-Tank Schematic Design 

Considering the impact that radiation has on the p-MOSFET devices, discussed in Section 

II-A, the current mode logic (CML) architecture, based only on n-MOSFETs and resistors, is 

adopted for the design of the proposed VCO operating in harsh environments. 

Although a CML ring oscillator (RO) VCO is attractive in terms of scalability and low area 

occupancy, simulations on the technology corners have demonstrated a significant deviation 

from the target frequency (e.g., 6.25 GHz as in the SpaceFibre protocol). In an RO 

composed of three identical CML stages, the frequency is closely related to the value of the 

gate capacitance of the following stages according to the relation f0=1/(2πRC) [19]. To 

achieve high-frequency performance, the minimum length size n-MOSFET should be used, 

but this choice increases the deviation of the device’s parameters from their typical 

conditions, and the use of varactors for frequency tuning cannot compensate for the 

frequency shift obtained during process simulations. In [20] and [21], a simulation analysis 

was conducted on the RO-VCO architecture, highlighting that, after fabrication, a long 

testing phase is mandatory to select from a large number of samples only the dies obtained 

in the typical corner case. In addition, the TID decreases the MOSFET transconductance 

leading to not satisfy Barkhausen oscillation criterion at the targeted frequency with a 

consequent frequency shift. 
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Concerning the LC-tank VCO, this reduction of the gm results in a smaller deviation of the 

oscillation frequency as also reported in [22], because the working frequency is mainly fixed 

by the inductor which is a passive component. 

Although a complementary LC-VCO has a better phase noise performance, thanks to the 

symmetry of the impulse sensitivity function (ISF) [23], the high-radiation environment limits 

the use of minimum size p-MOSFET devices leading to adopt architecture with only n-

MOSFET devices. Indeed, increasing the p-MOSFET gate size to partially reduce the 

radiation performance decrement increases the output parasitic capacitance that does not 

allow to reach the target frequency. 

Therefore, the proposed architecture, shown in Fig. 1, is composed of an n-MOSFET cross-

coupled cell, a resistor, a simple current mirror, varactors, and an LC tank. Compared to RO-

VCO, the use of an inductor is a disadvantage for its large area. The active components M1 

and M2 provide the negative transconductance gm required to cancel the parasitic 

equivalent resistance of the tank. The VCO bias current is controlled by the external 

current I0 through the simple current mirrors M3 and M4. A current gain of 5 was chosen as 

a tradeoff between the bias current value and the devices matching. 

 

Fig. 1. LC-tank VCO circuit schematic. 

In addition, the use of wide devices helps mitigate the SEEs. Indeed, following the 

capacitance rule V=Q/C and assuming a constant amount of charge released by a hit 

particle, the higher is the capacitance of a node, the lower is its voltage peak generated by 

the charge injected. For this reason, M4 was chosen with a width of 120 μm and a channel 

length of 240 nm, allowing for a voltage peak lower than 10% simulated at the drain terminal 
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of M4 with respect to its typical voltage value, in case the device is hit by an ionizing particle 

with a linear energy transfer (LET) of 60 MeV⋅ cm2/mg. The channel length has the maximum 

value allowed by the RF devices of this technology, and this value helps reduce 

the gDS parameter. 

An n-type simple current generator was chosen over a p-type bias topology to reduce 

varactor voltage modulation [24] and because the n-MOSFET devices can reach higher TID 

levels than p-MOSFETs [8], [11], [17], [18]. 

The target frequency is set by the filtering effect of the LC tank following the equation: 

f0=12πL(C+Cvar)−−−−−−−−−−√(1) 

View Source where L is the value of the inductor, C is the equivalent capacitance due by the 

cross-coupled cell and the first stage of the output buffer, and Cvar is the capacitance of 

varactors. The poly-silicon resistor R is used to shift the output common mode level 

from VDD to VDD /2, preventing the damaging or lifetime reduction of the low-voltage 

MOSFETs used for the cross-coupled cell and the first stage of the output buffer. This 

resistor allows sharing the same voltage supply of the output buffer without using a linear 

regulator for the VDD /2 generation. A symmetrical central tap inductor is chosen for its 

smaller layout area than two separate inductors [25]. Indeed, in a differential inductor, the 

two magnetic flows are shared, and they work additively. In this way, it is possible to achieve 

a high-quality factor and a better matching between the two inductors. The choice of a silicon 

bulk technology instead of an SOI one for its greater radiation hardness, discussed 

in Section II-A, impacts not only on active devices, but also on passives ones. Indeed, 

according to [26], the SOI insulator layer helps reduce the substrate losses of an integrated 

inductor. In particular, the coils of the planar spiral inductor generate a magnetic field that 

penetrating in the silicon substrate generates eddy currents, whose direction is opposite to 

that in the metal spirals. These eddy currents reduce the inductor value and dissipate power 

in the resistive substrate. Therefore, the choice of a silicon bulk technology is paid with an 

inductor with a potentially 50% lower Q -factor and wider area. 

A tool provided in the Cadence Virtuoso environment was used for the design and 

optimization of a 1.5 nH inductor. In order to prevent performance degradation due to post-

layout parasitic capacitances, special attention was paid to the geometry of the inductor in 

order to place the 6.25 GHz targeted frequency to the left of the Q -factor frequency peak, 

as shown in Fig. 2, and a self-resonant frequency (SRF) of about 27 GHz was achieved. 
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Fig. 2. Simulated Q -factor versus frequency of the differential inductor used in the 

design for fast–fast (blue line), typical (red line), and slow–slow (green line) corner 

cases. The vertical marker indicates the target frequency of 6.25 GHz. 

The oscillation frequency of the LC-VCO is tunable, thanks to accumulation-mode MOSFET 

varactors connected to the outputs. Thanks to the variations of the control voltage Vctrl up 

to VDD is possible to achieve the range from 5.32 to 6.58 GHz simulated in the typical case. 

Multiple-finger varactors were designed to have 20% tuning range (TR); the minimum 

channel length was chosen to minimize the gate series resistance and to maintain a constant 

value of the overall oscillator Q -factor [27]–[29]. The varactors can assume the capacitance 

value in the range from 642.6 to 458.2 fF, respectively, for a control voltage from 0 V to VDD . 

To achieve the best frequency performance of this technology, to guarantee a cell gain of at 

least 6 dB for startup condition, and to cope with the reduction in transconductance due to 

TID effect, MOSFETs with a minimum channel length and a width of 3.6 μm were used for 

the cross-coupled cell. 

Multiple-finger MOSFETs are used to reduce series gate resistance and to provide a 

compact layout. 

The use of oversized MOSFET widths increases the node’s capacitance reducing voltage 

variations when an extra charge is injected in a p-n junction. This mitigates the SEE effects 

but increases the silicon area occupation and reduces the TR of the controlled oscillator. 
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To respect the Barkhausen oscillation criterion, the voltage gain gmRP must be higher than 

1, where gm is the transconductance of the n-MOSFET in the cross-coupled cell and RP is 

the parasitic resistance of the tank [24], [30]. Fig. 3 shows the VCO frequency response, 

and it is highlighted that, also in the worst case condition with the minimum value of the 

control voltage, a gain over 10 dB is guaranteed. 

 

Fig. 3. Frequency response of the oscillator for minimum (blue line) and maximum 

(black line) values of the control voltage. The vertical marker indicates the target 

frequency. 

C. LC-Tank Layout Design 

The complete layout of the LC-VCO designed in 65 nm CMOS technology is shown in Fig. 

4. The simple current mirror is designed as a single stripe, and a common centroid technique 

is adopted for the cross-coupled cell to increase matching. All the gate terminals are oriented 

in the same way so that the current flows in the same direction for different instances of the 

same device. The space between instances is the minimum allowed by technology rules, 

helping to minimize devices mismatch. A tradeoff between metal width and length was made 

to reduce series resistance and to prevent electro-migration phenomena due to high current 

density. The main guidelines adopted were to draw short and large high-level metals and 

alternate layers perpendicular to each other to minimize parasitic capacitance which leads 

to a frequency reduction. A routing’s series resistance minimization improves startup 

condition, and it does not reduce the overall quality factor of the oscillator. 
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Fig. 4. Full custom layout of the LC-tank VCO composed by the poly-silicon 

resistance, the inductor, the cross-coupled cell, varactors, and the current tail 

mirror, from left to right, respectively. 

The adoption of a differential architecture increases the radiation hardness of the proposed 

VCO against TID because, as reported in [31] and [32], leveraging the circuit symmetry in 

an analog design helps increase its hardness. 

The deep n-well structures are also used in the design to insulate the bulk of the n-MOSFET 

transistors of the VCO from the substrate because two experiments are placed in the testing 

chip: the proposed VCO and a high-speed Serializer (not addressed in this work). Since the 

digital switching of the Serializer generates current injection in the substrate, the insulation 

of the VCO from this substrate noise is obtained using the triple-well structure available in 

this technology. 

Concerning the single event latch-up (SEL), as reported in [33] and [34], the structure of the 

deep n-well reduces itself the SEL rate. In addition, in the proposed design, avoiding the use 

of p-MOSFET devices, the classic bipolar junction transistor (BJT) configuration that 

generates the latch-up structure is not present. For this, we can assume that the device is 

almost latch-up free. 

The oscillator is designed to work properly in the −40 °C, +125 °C temperature range with 

10% variations of current bias and supply voltage. The total layout area of the proposed LC-

VCO is 308×198μm2 . About 85% of the total area is covered by the three-turn inductor 

(177×198μm2 ), which has a quality factor of 20 at the target frequency as shown in Fig. 2. 

Moreover, an odd number of turns is used because the two output terminals are on the same 
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side of the cell, thus making the routing shorter. Furthermore, the use of a single resistor, 

connected to the center tap, helps reduce the routing length between the inductor and cross-

coupled cell, thus increasing the oscillator overall gain. 

D. Output Buffer Design 

The LC-VCO is not able to drive the extra capacitance load of the chip pads that include 

electrostatic discharge (ESD) protections and considering the limited silicon area available 

in the die, an inductor could not be used in the buffer to implement the classic LC resonant 

peaking technique. Hence, to increase the driving capability of the VCO, a wideband buffer 

was adopted to drive the signals through bonding wires, pads, and board, which have a 

strong impact on the bandwidth of the output buffer, as shown in Fig. 5. 

 

Fig. 5. Two-stage CML buffer circuit schematic. 

A two-stage buffer was designed with a scaling factor of 2, and a CML architecture was 

preferred over a CMOS one. The minimum MOSFET channel length was chosen to increase 

the bandwidth of the output buffer, which is mainly limited by the 350 fF equivalent 

capacitance of pads, ESD protections, and by the equivalent inductance of the wire bonding. 

The width of the MOSFETs was chosen to allow the flow of a huge current in the wide range 

of temperature from −40 °C to 125 °C, preventing electro-migration phenomena in the 

source-coupled pair and in the simple current mirror. The layout solutions implemented to 

mitigate the electromigration phenomena, contributes to bandwidth reduction, and the 

output buffer was designed as a compromise between area, power, and gain-bandwidth 

product. All the values of the components used for both VCO and output buffer are listed 

in Table I. 

 

TABLE I VCO and Buffer Components Size 
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SECTION III. Electrical Measurement Results 

The whole testing board hosting the 1× 1 mm2 bare chip is shown in Fig. 6. 

 

Fig. 6. Testing board used for the TID experiment. The chip is directly bonded on the 

board without package, avoiding their effects when exposed to radiation. 
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No commercial off-the-shelf (COTS) components are placed in the 16 cm2 square area 

around the chip. This avoids the use of metallic masks to shield components during the X-

ray exposition test. 

The characterization of the VCO fabricated in a commercial 65 nm CMOS technology is 

performed by connecting the chip directly to the testing board, as shown in Fig. 7, through 

the aluminum bonding wires. 

 

Fig. 7. Photograph of the 1× 1 mm2 chip tested and bonded on the test board. On the 

top side, there is the second experiment not discussed in this article. In the 

downside, the VCO and the output buffer designed in this article are highlighted. 

The chip chosen for the irradiation test was before electrically characterized and the results 

obtained are drawn in this section of the article. The Rohde and Schwarz FSV-K30 signal 

and spectrum analyzer was used for frequency domain measurement of the chip. Fig. 

8 shows the free running frequency of the controlled oscillator. The red line indicates the TR 

measured with the spectrum analyzer for different values of the control voltage. The other 

three dash-dotted curves represent the TR obtained from simulations in fast–fast, typical, 

and slow–slow corner cases. During process simulations, the inductor has highlighted a 

reduction of 17% and an increase of 22% in its nominal value in slow–slow and fast–fast 

corner cases, respectively. This is the reason why in the slow–slow corner the oscillator 

reaches the maximum frequency values. All the curves are drawn as a function of the control 

voltage. These frequency trends were made by setting the same conditions of current bias 

and supply voltage for VCO and output buffer. 
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Fig. 8. Free running frequency versus control voltage measured with a spectrum 

analyzer before irradiation (red line) and simulated postlayout in fast–fast (orange 

line), typical (yellow line), and slow–slow (blue line) corner cases. 

 

The VCO gain was measured to be 225 MHz/V due to the limited TR of varactors. During 

data acquisitions, the two currents absorbed by the oscillator and the output buffer were 

acquired to estimate the power consumption of both systems. The measured currents were 

2.375 mA and about 38.3 mA for the VCO and output buffer, respectively. 

SubMiniature version A (SMA) RF connectors are used to connect the VCO output signals 

with the instrument used for the electrical characterization and the irradiation experiment. 

12 bits digital-to-analog converters (DACs) are used to remotely control the power supply, 

bias currents, and control voltage. 

The pre-irradiation characterization of the die was conducted with two different coaxial cable 

topologies. 

The first set of data was acquired with 30 cm long semirigid RF coaxial cables and the 

second set was acquired with 3 m flexible RF coaxial cables. Both cable sets are guaranteed 

up to 18 GHz bandwidth with 50 Ω characteristic impedance. Only long cables have been 

used during the irradiation test. The main difference between the two kinds of cables is 30% 

reduction in amplitude, and the measurements presented from the irradiation test were not 

de-embedded for the effect of the cables. 

Fig. 9 shows the comparison between the post-layout simulation (red curve) and the 

measured (blue curve) phase noise of the VCO at the target frequency. Table II highlights 

the phase noise values at 1 MHz and 10 MHz frequency offset, and the figure of merit (FOM) 

is calculated as follows: 

https://ieeexplore.ieee.org/mediastore/IEEE/content/media/23/9577237/9505661/monda8-3102481-large.gif
https://ieeexplore.ieee.org/mediastore/IEEE/content/media/23/9577237/9505661/monda8-3102481-large.gif


FOM=PN−20log(f0Δf)+10log(Pdc1 mW)(2) 

View Source where PN indicates the phase noise at a certain frequency offset Δf , f0 is 

the target frequency, and Pdc is the power consumption. 

TABLE II VCO Measured Parameters 

 

 

Fig. 9. Comparison between the postlayout simulation and the measured phase 

noise of the LC-tank VCO at the target frequency obtained with a control voltage of 

about VDD /2, measured with the Tektronix mixed signal oscilloscope (MSO)/digital 

phosphor oscilloscope (DPO) 7000 MSO. 

As mentioned in Section II, the CML architecture is preferred in high-frequency applications 

due to its lower signal swing, but a power consumption of about 46 mW is needed for the 

output buffer. Fig. 10 shows the cycle-to-cycle jitter of the controlled oscillator at the target 

frequency of 6.25 GHz. This jitter measures how much the clock period changes between 

any two adjacent cycles. The histogram is obtained from a population of about 80k samples, 

where the population is the number of individual observations included in a statistical 
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dataset, and it shows a mean value of about 19.58 fs with a standard deviation of about 5.77 

ps. 

 

Fig. 10. Cycle-to-cycle jitter histogram of the VCO at the target frequency obtained 

with a control voltage of about VDD /2 and measured with the Tektronix MSO/DPO 

7000 MSO. 

 

SECTION IV. TID Measurement Results 

The irradiation experiment was performed at the CERN facility using a 10-keV X-ray 

source as illustrated in Fig. 11. A distance of 3 cm is kept between the chip under test and 

the X-ray source obtaining a very high dose rate of about 8.45 Mrad/h and a uniform beam 

on the chip. 

 

Fig. 11. Experimental setup. The chip under test (Fig. 7) is directly bonded on the 

test board. RF SMA connectors were used to connect the board to the electronic 

test instruments. For the remote control of power supply, currents bias, and control 
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voltage, different DACs controlled by a Xilinx field-programmable gate array (FPGA) 

were used. 

During the irradiation experiment, both VCO and output buffer were biased at the nominal 

voltage supply of 1.2 V, and a fixed current bias was provided. The control voltage of the 

VCO was set to VDD /2, and at each targeted TID level, the irradiation was stopped, and an 

identical frequency domain characterization protocol was followed. Results obtained are 

discussed in this section. The device was exposed to a radiation level up to 1 Grad (SiO2) 

and the experiment was performed at a constant temperature of about 30 °C throughout the 

whole TID experiment to prevent the recombination of the charge build up in the oxide 

through annealing effects [35]. The controlled oscillator was designed to work properly in 

the range from −40 °C to +125 °C as required for space applications [14]. However, for HEP 

experiments, the temperature is in the reduced range from −20 °C to +85 °C [36]. 

In Fig. 12, the percentage variations of free running frequencies of the oscillator versus TID 

are shown. The two curves are drawn for minimum (red line) and maximum (blue line) values 

of the control voltage. The frequency increment is mainly due to a reduction of the 

transconductance of the cross-coupled cell, which compensates for the loss in the tank. The 

reduction of gm results in a smaller voltage swing and output common mode voltage of the 

oscillator. The accumulation-mode MOSFET varactors show a capacitance increment with 

accumulated doses due to negative charges induced in the silicon. This negative charge 

reduces the width of the depletion region and increases the capacitance [37]. When the 

value of the control voltage is included from 0 V to VDD /2, varactors work in the 

accumulation region because the gate terminal has a higher differential in potential than the 

source–drain connection, and a low channel resistance is shown. If the control voltage 

assumes a value from VDD /2 to VDD , the varactors work in the depletion region, and a 

high channel resistance is shown. 

 

Fig. 12. Free running oscillator frequency of the VCO irradiated up to 1 Grad 

SiO2 TID level for different values of the control voltage. Total variations at the 
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maximum TID level achieved are 2.25% and 2.54%, respectively, for minimum (red 

line) and maximum (blue line) values of the control voltage. 

The effect of reduction of the output common mode changes the DC polarization of varactors 

for a fixed control voltage, and a reduction in capacitance is highlighted. The increase of 

varactor’s capacitance and the decrease of the output common mode effects produce a 

small increase in frequency. In addition, a reduction of the output common mode level of the 

oscillator involves in a reduction of the input common mode of the first stage of the output 

buffer shown in Fig. 5. A low-input common mode reduces the current mirrored in the simple 

current mirror and a reduction of the voltage swing in each stage of the output buffer occurs. 

Table III shows the percentage variations of parameters acquired during the TID experiment. 

These values are reported for two different steps of TID levels and for a fixed control voltage 

of VDD/2 . In addition to the small increase in frequency explained before, the reduction in 

transconductance also affects the current absorbed resulting in an amplitude and power 

consumption reduction. 

TABLE III Relative Variations at 500 Mrad and at 1 Grad (SiO2) for a Control Voltage 

of VDD/2 

 

In the last two rows, the phase noise degradation is reported, and the change in percentage 

versus TID is shown in Fig. 13. The variations of phase noise are due to current reduction 

through the oscillator and an increase of thermal noise component of MOSFETs occurs [24]. 
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Fig. 13. Phase noise percentage variations of the VCO irradiated up to 1 Grad 

SiO2 TID level. Total variations at the maximum TID level achieved are 3.34% and 3%, 

respectively, for 1 MHz (red line) and 10 MHz (blue line) frequency offset. 

SECTION V. State-of-the-Art Comparison 

A comparison versus state-of-the-art VCOs, designed in 65 nm technology, is given in Table 

IV. A preliminary work conducted in a radiation environment is mentioned in [38]. It shows 

the design of a rad-hard PLL fabricated in 65 nm CMOS STmicroelectronics (ST) technology. 

Its behavior was tested at different proton energies and irradiated up to 300 krad SiO2 TID 

level. The cumulative work reported in [22], [39], and [40] shows two PLLs operating in the 

range from 2.2 to 3.2 GHz, having the phase frequency detector (PFD) designed with a triple 

modular redundancy (TMR) technique to face SEEs. The two devices, an RO and an LC-

VCO, are characterized by a frequency degradation of 30% and 3.5%, respectively, at 600 

Mrad (SiO2) TID level, while the proposed oscillator shows a frequency shift of 2.54% at 1 

Grad (SiO2). In addition, the PLL made with the LC-VCO resulted more robust than the RO 

in terms of jitter, phase noise, and voltage–temperature variations. Although the low phase 

noise achieved with the SpaceFibre standard and the cumulative radiation hardness is lower 

than 1 Grad, required by the LHC upgrade. The CDR designed in [14] is able to cover a 

higher range of frequency from 4.9 to 5.2 GHz with a similar phase noise as its previous. It 

was tested up to 350 Mrad showing a VCO frequency increment of 3.2%. The 

article [36] reports a PLL working at 5.12 GHz with a TR from 4.8 to 6 GHz. An LC tank 

architecture was used for the design of the oscillator, but for better phase noise performance, 

a simple current (source) mirror was adopted. This current source, implemented using p-

MOSFET devices, reduces the TID tolerance of the whole system, and the maximum TID 

level reached is 250 Mrad with a doubling of the jitter level. Therefore, the comparison 

confirms that, to the best of the authors’ knowledge, the proposed VCO design is only 

capable to work up to 1 Grad TID and to sustain frequencies up to 6.25 GHz, and 

measurements confirm that. 

TABLE IV State-of-the-Art Comparison Table 

 

SECTION VI. Conclusion 

We have presented the full custom design of an LC-VCO in a commercial 65 nm CMOS 

technology able to operate in high-radiation environments and compliant with the 

SpaceFibre protocol. TID effects were also experimentally investigated with a 10-keV X-ray 

exposure up to 1 Grad (SiO2). Considering the effects that a high TID level has on the 65 
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nm CMOS technology, a CML approach is adopted, avoiding the use of p-MOSFET 

transistors, whose performances are significantly worsened by charge trapped in silicon 

oxides. TID measurements show an amplitude reduction of 3.65% that induces the small 

frequency increase of 2.39% when the control voltage assumes the value of VDD /2, and 

the circuit was still fully functional after a dose of 1 Grad. 

The design choices are not focused on the reduction of the phase noise level but on a high 

TID level achievement. A future version could improve phase noise with the implementation 

of and inductor tail bias as reported in [41]. The VCO block area is 308×198μm2 with a 

power consumption of 2.85 mW, thus making it attractive for a fully integrated PLL for a 

critical FE application-specific integrated circuit (ASIC). 

As a future work, charge injection effects will be simulated with a double exponential current 

source, and the obtained results will be experimentally verified. The use of a differential 

architecture for the cross-coupled cell and its layout as common centroid technique (Section 

II-C) helps mitigate particle strike [42], [43]. However, better results could be obtained 

implementing the differential charge cancellation (DCC) [44], [45] in the case of using 

nonmultiple-finger MOSFETs. 

Previous articles [46], [47] present, with reference to space applications only (where the TID 

issue is limited compared to the HEP application considered in this work), system 

simulations of the whole PLL based on a preliminary schematic design of the controlled 

oscillator presented in this work. However, it is worth noting that only in this work the VCO 

design has been finalized, optimized for operation at 1 Grad also in HEP applications, and 

then the chip fabricated, and characterized before and after irradiation. 

Considering the results of the VCO measurements, the radiation hardened by design 

(RHBD) techniques adopted to face radiation problems bring the oscillator to work at 

radiation levels needed for the upgrade of the LHC experiments. 
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