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Abstract—In this paper, we present an inverter-based ring
oscillator (RO) operating at cryogenic temperatures for quantum
computing applications. It employs a low-dropout regulator
(LDO) to provide supply voltage for a programmable switched-
capacitor system which isolates the supply line of the integrated
RO circuit from any noise or perturbations of the external power
supply. In anticipation of embedding the RO into a phase-locked
loop (PLL), we study the variation of flicker phase noise from
cryo to room temperature by indirectly measuring the phase
noise (PN) in the 30 dB/dec region. The proposed system occupies
0.012mm? and shows 3.5 dB integrated PN improvement thanks
to the proposed voltage supply noise reduction technique at room
temperature (RT) and the FOM is estimated as 121.7dB at
cryogenic temperature (CT).

Index Terms—Cryo-CMOS, quantum dot (QD), quantum com-
puter, ring oscillator, phase noise, jitter, LDO, switched-capacitor,
back-gate voltage, FD-SOL

I. INTRODUCTION

Silicon quantum information bits (qubits) are extremely
fragile and must operate under extremely low (cryogenic)
temperatures [1], [2]. To be useful, a large number of qubits
(perhaps, millions) should be confined within a small area, re-
sulting in a tough requirement of a very compact conventional
circuitry for the control and sensing of qubits.

Fig. 1 illustrates a quantum dot (QD) array for a quantum
computing application that operates at ~4K and is fully
integrated in a 22-nm fully depleted silicon-on-insulator (FD-
SOI) CMOS process [2], [3]. In this system, a binary-weighted
capacitive DAC (CDAC) is used to generate a programmable
pulse amplitude to control the qubit states inside the quantum
core. The read-out path comprises a single-electron read-out
transistor connected to the quantum point contact (QPC), fol-
lowed by a pre-amplifier (pre-amp), correlated-double-sampler
(CDS) and a buffer. The CDAC and the CDS need low-noise
high-frequency clocking signals to process the qubits [3]. The
clock generator circuitry needs to be of very low noise and
also must occupy small area for the ultimate goal of integrating
a million of physical qubits. LC-tank oscillators can achieve
sufficient performance but at a price of large area. RO-VCOs,
on the other hand, occupy a smaller area but generate worse
noise. To overcome this issue, multiplying delay-locked loops
(MDLLs) [9], [10] and injection-locked phase-locked loops
(IL-PLLs) [11] have been proposed to improve the phase
noise (PN) of RO-VCOs.
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Fig. 1. Proposed RO within a single-chip quantum processor.

RO-based voltage-controlled oscillator (RO-VCO) is attrac-
tive since it can be very compact and placed in the vicinity of
qubits. In this letter, we propose a new method of low hard-
ware complexity to reduce the noise injection from the power
supply into the RO. To verify it, we implement and measure
a cryogenic LDO and an automatic switched-capacitor (sw-
cap) circuitry, which periodically charges a capacitor with the
LDO and then discharge it to the RO, while being controlled
by a digital system. Afterwards, we compare the variation of
the flicker noise at cryogenic and room temperatures (CT and
RT), by indirectly comparing the PN of the implemented RO
when the effect of voltage supply noise on the PN of the RO
has been minimized.

II. PROPOSED RING OSCILLATOR CIRCUITRY

Fig.2(a) illustrates a top-level view of the proposed ring-
oscillator (RO) sub-system. It contains the switched capacitors
C, and Cs, LDO, inverter-based RO, <216 clock divider,
and a digital control unit. The RO consists of 31 invert-
ers with (W/L)pmos = (3.2um/20nm) and (W/L)ymos =
(2.56 pum/20nm), as shown in Fig.2(b). The digital control
unit in Fig.2(c) is used to connect either the output of the
LDO or the off-chip power-supply voltage to the oscillator to
provide the required RO supply. Two sets of large capacitors
(each 28.5 pF), as part the switch-cap sub-system to isolate the
RO from being directly connected to either the LDO’s output
port or the off-chip voltage supply source. By means of the
digital control signals, at any time one cap is connected to
the supply line of the oscillator while the other cap is being
charged. Every half-cycle of the RO output clock, one of the
caps is charged while the other cap is providing the power
to the oscillator. The charging or supply providing phase of
the caps is swapped on the second half of each output clock
of the RO. The implemented 0.8V LDO is detailed in [4].
The supply voltage for the NMOS transistor at the last stage
of the implemented LDO is set at 1 V. The fabricated sample
chip is mounted on a printed circuit board (PCB), which is



located inside a cryo chamber, resulting in a long distance
and heavy impedance load from the cryo chamber to the off-
chip measurement components. In order to efficiently read the
RO signal, 16 stages of +2 dividers are inserted before the
output pad.

As previously shown in Fig.2(a), different setup configu-
rations for the proposed RO are feasible. Fig.3(a) illustrates
the simplest measurement configuration of the implemented
system. In this sequence, the LDO is disabled and all four
switches of the switch-cap sub-system are conducting, result-
ing in the direct connection between the supply line of the
RO and the off-chip supply voltage source. In this setup, no
supply noise reduction is obtained and so the supply noise is
directly injected into the RO. Fig.3(b) and (c) show the setup
configuration that can help to reduce the injected noise from
the supply voltage source into the RO. In this sequence, the
LDO is enabled and it can provide power for the switch-caps.
Fig. 3(b) illustrates the first half-period of the output RO clock
when C} is charging from the LDO while the 'y is providing
supply for the RO. Fig.3(c) shows the second half-period of
the output RO clock when (7 is charging from the LDO while
Cs is providing supply for the RO. The control signals for the
charging/discharging of C; and C are generated by the digital
control unit inside the implemented system. The digital control
unit uses the available clocking signal of the RO to provide
the control signals. Fig. 3(d) illustrates the timing diagram of
the working principle. When the LDO and switch caps are
enabled, there will be a delay in starting the toggling of the
switched-caps between the LDO and the RO supply line. This
delay ensures that the caps have enough initially accumulated
charge to feed the RO during the oscillation.

Fig.3(e) shows the equivalent noise model of the supply
voltage circuitry of the proposed RO. The model consists
of the error-amplifier, output buffer of the LDO [4], switch
capacitors, the RO and the voltage and current noise source
models of the suggested system. Considering the equivalent
output impedance of the LDO to be 1/gy, w1, the total output

noise of the LDO can be estimated as [5]:
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The sw-cap components, C; 2 and Myitch, form a low-pass
filter with the 3 dB cut-off frequency of fo=1/27C1 2 RM, e -
The equivalent total LDO output noise is filtered by the sw-
cap and the total supply voltage noise, which is injected to the

RO supply line, can be calculated as:

] v
Vi / e [anMiimh +VmLDOoulpm] df )
n,supply 0 1 f 2
+(#)
gm M1 in the LDO is expected have a large value since the size
of M and its current consumption are high. Also the the error-
amplifier’s MOSFETs inside the LDO have smaller sizes and
lower power consumption, resulting in the domination of the
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Fig. 2. (a) Top-level view of the proposed RO. (b) Delay cell. (c) Digital
control unit.

error-amplifier noise in (1). On the other hand, at the CT, the
thermal noise of the transistors decreases and the flicker noise
becomes the dominating source of the noise [1]. Considering
the corner frequency of the flicker noise (i.e., f.) to be much
smaller than fj, the total supply voltage noise can be simplified
as:
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where Werr—amp and Lerr—amp Tepresent the equivalent length
and width of the MOSFETs in the error-amplifier, R, ;...
is the equivalent “on* resistivity of the Mgyitch, 1 is the
temperature and « is the temperature- and mobility-dependent
factor of the flicker noise in the error-amplifier. Equation (3)

can be simplified as:
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Equation (4) shows that the supply noise is dominated by the
error-amplifier and appropriate MOSFET sizing is needed for
it to minimize the injection of the supply noise to the RO.
From [6], [7], the RO’s PN due to the supply noise can be
estimated as:
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Equation (5) is calculated based on the assumption that high-
frequency supply noise does not affect the PN of the RO [6].
From (4) it can be concluded that increasing the size of the
MOSFETs in the error-amplifier and also increasing the size
of (2 can reduce the PN (i.e., due to the supply noise) of
the RO in the proposed system.
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III. EXPERIMENTAL RESULTS

The proposed techniques are implemented in 22-nm FD-
SOI CMOS. Fig. 4(a) shows a zoomed-in portion of the chip
micrograph that indicates the locations and layout of the fully
integrated RO along with its controlling/sensing electronics.
This includes the LDO, clock divider, digital control unit, RO
and caps, which respectively occupy 17.9x38.7, 16.9x12.8,
9.4%3.8 and 136.5x83.3 um?2. The digital control system con-
sumes 602 and 585 W at CT and RT, respectively; the core



2
The supply is The LDO and M1

directly fed by switch Caps
off-chip LDO. are enabled.

2
IV + D Voigrr—amp
Amplifie|

|
Ri"QOUi | | | | | | | | | | | | | : LDOjutput vbm_l
® | | | | | : Supply Voltage M2
° L dc.
s J GND V
@ Time ()
Fig. 3. Simplified architecture of the proposed RO when; (a) the supply

is directly fed by off-chip LDO, (b) First phase of the switch-cap operation
with LDO and phase reduction technique are enabled, (c) Second phase of the
switch-cap operation with LDO and phase reduction technique are enabled. (d)
Example waveform during the system operation. (e) Equivalent noise model
of the proposed system.
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Fig. 4. (a) Die micrograph and the zoomed portion of the proposed RO. (b)
Test setup for the proposed oscillator.

RO consumes 857 and 951 W at CT and RT, respectively; and
the LDO consumes 107 and 67 W due to its quiescent current
at CT and RT, respectively, when Vg is O V. Fig. 4(b) shows a
photo of the cryo chamber housing the quantum system. The
fabricated chip is mounted on the printed circuit board (PCB)
inside the cryo chamber, which is cooled down to <3.7 K.

Fig. 5 shows the effect of the LDO and switched capacitors
on the RO PN, due to the rejection of the the supply noise
at RT. It can be observed that when the LDO and switch
caps are enabled, the PN of the RO is reduced, indicating
the effectiveness of the proposed method to reduce the sup-
ply noise and consequently reduce the PN of the RO. The
integrated PN between 100Hz to 10kHz is measured as -
60.89 dBc and -64.4 dBc when the PN reduction circuitry is
disabled and enabled, respectively, at the RT. Fig. 6 illustrates

=70 PN - Il {e===LDO and Switch Caps are Disabled @ Room
E ~80 \h% LDO and Switch Caps are Enabled @ Room
o
g - A\
< N
0 -100 N
] v\_""\
Z 110
g ‘Wn
8120
o

-130 I
10° 10° 10°

Offset Frequency (Hz)

Fig. 5. Measured PN vs. offset frequency at RT when the LDO and the
sw-caps are enabled and disabled. Vg is OV.
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Fig. 6. Measured PN vs. offset frequency at CT when the LDO and the
switch Caps are enabled and disabled and when the Vg is OV.
the effect of the proposed PN reduction circuitry at 3.7 K. As
it can be observed, still the enabled LDO and switch caps
in the system can improve the PN of the RO, due to the
reduction in the supply noise of the oscillator. The integrated
PN between 100 Hz to 10kHz is measured as -59.46 dBc and
-59.7dBc when the PN reduction circuitry is disabled and
enabled respectively at the CT. At the CT, the resistivity of the
metal tracks on the PCB and also inside the chip drops. As a
result, the equivalent resistivity model of the tracks from the
off-chip decoupling capacitors, into the chip and then into the
supply line of the core of the RO will be reduced which then
can provide better filtering and higher supply noise reduction
in the oscillator. On the other hand, due to the drop in the metal
resistivity at the CT, the on-chip decoupling capacitors, close
to the core of the RO, will have better quality factors which
results in lower supply noise in the system. As a result, at the
CT, the supply noise is already reduced due to better filtering,
which can explain the less improvement of the PN when the
LDO and switch caps are enabled in the system, comparing
the CT with RT results in Fig. 6 and Fig. 5 respectively.
Fig.7 plots the measured PN when the LDO and sw-caps
are enabled for both CT and RT. The integrated PN between
100Hz to 10kHz is measured at -59.7 dBc and -64.4 dBc at
CT and RT, respectively. By enabling the LDO and the sw-
caps, the effect of the voltage supply noise on the PN can be
reduced, and as a result the dominant source of PN can be
the internal transistor noises. With this setup, it is possible to
measure the effect of temperature on the corner frequency of
the flicker noise (i.e., f.). The external power supply setup is
at the RT and has the same configuration for both the RT
and the CT measurements. Also, the voltage supply noise
is further reduced by enabling the LDO and the sw-caps,
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Fig. 7. Measured PN vs. offset frequency when the LDO and the switch Caps
are enabled, at RT and CT and when the Vg is OV.
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Fig. 8. Measured PN vs. PMOS back gate voltage when the LDO and the
switch Caps are enabled, at RT and CT.

resulting in the dominance of the MOSFET’s flicker noise on
the output PN of the RO. The slope of the PN in Fig.7 is
30dB/decade, which is within the frequency window of the
up-conversion of the flicker noise to the PN in the RO. Fig.7
shows the increase of f. at the CT compared with the RT,
(also reported in [1]), by indirectly measuring the PN of the
RO within the 30 dB/decade frequency window. Flicker noise
at CT needs further investigation; elaboration of the physical
reasons behind the change of the flicker noise from RT to CT
is beyond the scope of the paper.

Fig. 8 illustrates the measured PN at 100 Hz frequency offset
for three different PMOS back-gate voltages of the RO, at RT
and CT. In general, Fig. 8 shows higher PN for the RO, com-
pared with the measurement results at the CT, with the RT as
also was discussed in Fig. 7.In the 22-nm FD-SOI technology,
increasing the PMOS back-gate voltage (i.e., Vag), increases V;
of the PMOS transistor inside the oscillator, which slows down
the oscillating frequency of the RO. The measured down-
divided oscillating frequency changes from 14.6 to 10.7 kHz
at the CT and from 15.7 to 11.48 kHz at the RT, when the
LDO and sw-cap system are enabled and when Vg changes
from O to 1.8V, respectively. Based on [6], the asymmetry
of the rising and falling edges of the ring oscillator’s outputs
results in the increase of the impulse sensitivity function (ISF)
of the RO, which eventually leads to the increase of the PN.
In 22-nm FD-SOI technology, back-gate voltage can be used
as the MOSFET’s charging/discharging slope tuning tools to
balance the two falling and rising edges of the RO signal to
improve the PN of the oscillator.

Performance summary and comparison with prior art are
presented in Table I. The PN and FOM are estimated from

TABLE I
PERFORMANCE SUMMARY AND COMPARISON WITH STATE-OF-THE-ART.

Reference [8] [10] [11] [9] | This Work
Process (nm) 65 28 65 65 22
Power @CT [mW] N/A | N/A | N/A | N/A 0.857
Power @RT [mW] 0.65 | 1.16 1.1 1 0.951
Inherent Freq. Div. Output 5 No No No 65536
Osc. Freq @CT (MHz) N/A | N/A | N/A | N/A 957
Osc. Freq @RT (MHz) 1700 | 3000 | 1600 | 1000 983
PN @CT [dBc/Hz] N/A | N/A | N/A | N/A -117.7
PN @RT [dBc/Hz] -49.7 | -26 | -22.9 | -38 -122
FOM @CT [dBc/Hz] N/A | N/A | N/A | N/A 121.7
FOM @RT [dBc/Hz] 156 | 1349 | 126.6 | 138 124

10kHz offset oscillating frequency. The proposed oscillator is
the first report of a RO at CT.

IV. CONCLUSION

This paper demonstrated an inverter-based RO, suitable
for quantum computing applications. The proposed system
occupies less than 0.012 mm? and can reduce the integrated PN
of the RO at RT more than 3.5 dBc by means of the proposed
voltage supply noise isolator system. The flicker noise was
observed to increase from RT to CT by indirectly measuring
the PN of the RO, showing the increase of 4.3 dBc/Hz PN at
10kHz. The effect of Vg on the PN of the RO was illustrated.
It was also shown that by driving the noise model of the system
that the flicker-noise of the error-amplifier inside the LDO is
the dominant source of the supply noise of the RO in the
proposed system.
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