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Introduction

B - GCharge collection tiles
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_~Photodetectors

« Several rare-event search experiments, such as
nEXO, require high-data-rate links between AFEs and
digital back-ends over lossy channels (e.g., radio-pure
cables within a noble liquid cryostat).
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» Preferred solution using a single high-speed cable:

« To simplify clock distribution, the back-end forwards a
low-frequency clock (e.g., from a crystal oscillator) to
the AFE over a separate low-speed cable.

* In downlink mode, the AFE synchronizes an internal
high-frequency oscillator to the forwarded clock and
uses this to serialize the downlink data stream.

 In uplink mode, the AFE recovers non-return-to-zero
(NRZ)-encoded serial data sent by the digital back-end.

Slow f Uplink/downlink
control clk data

~ : . Back-end
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Circuit architecture

* Proposed solution (similar to the IpGBT clock management system):

« PLL-based integer-N frequency synthesizer for high-speed clock generation and data serialization
in downlink mode.

« PLL-based clock-and-data-recovery (CDR) circuit for data retiming and high-speed clock recovery
in uplink mode.

« Both modes use a PLL, so several building blocks can be combined (or reused) to save chip area.
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Initial design specifications

* Nominal forwarded clock frequency, frr = 50 MHz
* Nominal VCO frequency, 5, = 6 GHz

« Chosen to enable use of LC oscillators (preferred over ring oscillators due to lower
phase noise and power supply sensitivity) using high-Q on-chip inductors

* Nominal uplink data rate, f » = f5,1/2 = 3 Gb/s

« Chosen to enable 2x oversampling of the input data stream, which simplifies the design
of the CDR phase detector (PD)

« This talk focuses on the design of the frequency synthesizer
 Implemented in the TSMC 65 nm CMOS process.
 No radiation hardness requirements
 Power consumption should be less than ~5 mW
 Results acquired at room temperature, but operation down to 77K is desirable
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Phase-frequency detector (PFD)

Up « Used in the frequency synthesizer loop
L VoD « Efficient implementation of the commonly-used
- . = e sequential PFD circuit
>0—E'|:,‘I|— « Guarantees minimum UP/DN pulse width even in the

locked state, thus eliminating any dead zone around
the origin of the PFD transfer curve
Insensitive to input duty cycle

:} ) - Relatively low time delay (three NANDs plus a couple
of inverters)
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oD “Always on” transmission gate
EXT_RST "° <« for equalizing time delays
L DN
CLK s
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GND
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Young, I. A., Greason, J. K., & Wong, K. L. (1992). A PLL clock
generator with 5 to 110 MHz of lock range for microprocessors. IEEE
L?' Brookhaven Journal of Solid-State Circuits, 27(11), 1599-1607.
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Charge pump (CP)

« Fully-differential structure to minimize charge injection errors
*  An OTA maintains the dummy voltage (Vy,mm,) Near the output (V) to minimize switching transients

« Cascoded current sources to improve matching between N- and P-sides
« Matching is further improved by using matched replica biasing

 Both the N- and P-side bias currents are split into 2 equal parts to minimize N- and P-side mismatch:
. One part is set by a fixed input current, the other is adaptively set by a replica biasing network

M Vdd Vdd Vdd
Ve V V V
=T Coummy :”O_m Pz_"”: Cour = P - 4L ) —L
uP P Vi | g =
> 1<t Nigull = T il
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DN DN V
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u.‘\ Brookhaven Main charge pump Fixed bias generation network Replica biasing network
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Voltage-controlled oscillator (VCO)

« Cross-coupled CMOS VCO design. VppL
« The LC tank uses an on-chip center-tapped m
circular spiral inductor. Ly Lo
. Ry,y o vo C Ry,y
« Two levels of frequency tuning: c ol | el I
. - . wi AT Al | Cws
«  Coarse tuning (band switching) using a network of 1 | l|‘
8 equal-valued switched capacitors. Vout+ | v_ >< vy | Vout—
*  Fine tuning (by the PLL) using accumulation-mode Buffer } I Buffer
MQOS varactors.
. " . " " VDD
. Switch, resistor, and varactor sizes were optimized to
minimize phase noise for a given tuning range. l / L, i
Ig/4 —_ 2
« A tail current LC filter (tuned to 2f,) reduces 1/f noise
: " Ip
up-conversion but at the cost of additional layout area. Ry
JFww—
/ Cb'ig JE— — O
Hegazi, E., Sjoland, H., & Abidi, A. A. (2001). A filtering technique to lower LC
oscillator phase noise. IEEE Journal of Solid-State Circuits, 36(12), 1921-1930. \V LC filter to reduce 1/f
- _ Low-pass filter to remove noise noise up-conversion
(G St from the bias current source 8




Switched capacitor network

 »

Differential switched capacitor circuit.

« Differential switch configuration reduces
impact of R, on tank Q.

« Small NMOS switches to ground define the
drain/source voltages of the main switch
when it is “on”.

« Small PMOS switches and series resistors to

Vpp prevent the drain/source voltages from
exceeding Vpp when the main switch is “off".

Brookhaven

National Laboratory
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VCO buffer

« Converts the sinusoidal signals generated by the VCO into logic-
level outputs.

« AC-coupled and self-biased design ensures insensitivity to the
common-mode level of the VCO outputs.

 The supply-dependent input capacitance of the inverters degrades
VCO supply sensitivity by modulating the total tank capacitance.
This effect can be reduced by running the buffer off its own high-PSRR LDO.

L? Brookhaven
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Optimized VCO (Vyp, =0.8V, I3 =1.6 mA)

« Total tuning range = 5.6 GHz — 8.6 GHz (only
the three lowest-frequency bands are shown).

« Tuning voltage range reduced to 0.2-0.8 V to
simplify the charge pump design.
« VCO control gain K, = 0.6 GHz/V.
* Phase noise = -110 dBc/Hz at 1 MHz offset.

« Significantly improved over unoptimized design.

 The close-in phase noise shown in the figure
includes the noise of an on-chip linear regulator
(LDO) used to improve PSRR.

« The LDO will be described later if time permits.
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Programmable frequency divider (FD)

« Standard pulse-swallow counter topology.
« Total divide ratio= (NP +S),N=2,P=1-63,S=0-15 (S <P).
«  Output may need to be further divided by 2 to obtain a 50% duty cycle.

P<5:0> : :
| * Prescaler uses dynamic (TSPC) flip-flops to
IN | Dual-modulus Programmable| RST OUT minimize propagation delay.
prescaler counter * Programmable counter uses a one-level
MC | | carry select adder (CSA) to reduce
N/(N+1) $<3:0> EXT_RST : .
| propagation delay at the cost of a relatively
Swallow small increase in complexity.
counter [

RST o<}

¢ Brookhaven
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Lock detector (LD)

« Detects when total duty cycle of the PFD UP/DN outputs, D, is less than a fixed threshold, D, ..

Currents must balance in steady state, so

- VDD
D Vi =(1-D) VDD Vi = v, = VDD _—
R, R (Dﬂmj
1-DR, wp+DN)
Schmitt trigger output goes high when v, > aV,, Duty cycle = D

Voo >aV,, = |D< 1
D R1+1 1+[a jR1
1-DR, 1-a )R, DN

Currentdesign: a ~2/3, R,/R,=8 = D, z%

vx WUT

RST
Note that D, . is ratiometric and thus PV T-robust —": :"—

n

a = set by relative size of feedback transistors
UP Fa

|
I
Q

=0.059

¢ Brookhaven
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Complete frequency synthesizer design

«  Passive second-order loop filter. P our =
DN

Nominal design parameters:

. Reference input = 50 MHz LD e v, oo Quadrature

«  Charge pump current = 10 pA @ I @ m outputs DJIYZ

«  Loop bandwidth = 230 kHz. - PFD CP ?4 D Q } ———ouT,
«  Dual output dividers allow 4[> REF P C e v, our—p> a|—" |

generation of two programmable ek on = oy 0T V¢ s a NN ouT,

output frequencies. BN BN R, B B >IN ouT—

* No external analog inputs
required: all bias currents set by VCO TSPC
on-chip constant-G,, references = divide-by-2
via 5-bit current DACs

S<3.0>
«  All parameters set over a | \ 1 | |

DIV,

O+
| [
S
X
3 —\%
@)
[®)
+

QD Q D
2 ial i LK S
standard I2C serial interface ¢ < a <—lout I <]7 a <
P
Divide-by-2 T
P<5:0>

(to get 50% duty cycle)
Programmable
u.‘\ Brookhaven divider
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Programmable output divider

« Uses a cascade of stages with smaller division ratios.

This allows a wide range of divide values (most composite numbers < 31) to be generated
while maintaining an output duty cycle close to 50%.

« Stages are bypassed by transmission gate multiplexers when in “divide by 1" mode.

'"-»[ 1/2 H 1/2 ]-»[1/2/3]-»[1/2/3]—»[1/4:/5]—9Ut

I L?‘ Brookhaven
National Laboratory
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Simulation of the frequency synthesizer

Nal’"ill:SIEIlI SPOHL l‘ on har B I " : " ? Nal’"ill:SIEIlI Spl)l'lgI F ” [\‘_ ” "
¥~ 1327 %0.9700049us 607.75524mV vl 1.3
‘MMl /REF @ |2 ] CE VIOV @
> ] L VI(YLD") @ 1.2
v V383 1A
|]-- AVCK @ E 1.0
- ;'911:,533; 0.9
L Ve 3 é ; 0.8
Nk 07
“Hl /Y2 @ § §0.6
MR E 05
L Y20 @ E 0.4
>-o,|1ggf 0.3
o S 0.2
~ 0 3 0.1
“mll /10/DN j s 16% 0.0
>-0141_E T T T T T -01 :'I'I" TTrTTT T R LU UL LR L DU LU I |
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0
time (us) time (us)
Major waveforms, f5,+ =6 GHz VCO control voltage and LD signal
« Simulated behavior is in excellent agreement with the predicted loop dynamics.
L?' Brookhaven y
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Simulation of the frequency synthesizer (2)
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Zoomed-in view in steady-state conditions

« The static timing error is negligible (~18 ps, 0.09% of Trr) due to the use of replica-based self-biasing to
equalize the positive and negative CP currents.

L?- Brookhaven
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Simulation of the frequency synthesizer (3)

« Effect of process variations was studied by simulating using corner models.

Transient Analysis "tran”: time = (05 -> 10 us) 1 Transient Analysis "tran": time = (0 s -> 10 us)
Name |Vi5 F ” " : MName ‘\ﬁs F " ” T
hd hd ]
e 600.0 3 e * 1 70003
500.0
E 600.0
_400.0 ]
> < ]
E300.0 ] £ 500.0 -
> > ]
200.0 3 E
400.0
100.0 3
0.0 3 300.0
U EN |
_ hd v N e
Il /LD @ 1.0 3 J 3
: E ~ /LD @ 1.0 3
s E -
— 0.6 3 = 3
E = 064
Z > ]
0.2 0.2
] E e
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0 0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0
time (us) time (us)
Fast N, Slow P (FNSP) corner Slow N, Fast P (SNFP) corner

¢ Brookhaven
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Layout of the frequency synthesizer

* Overall layout area: 450 ym x 500 ym
. About 50% of the area is occupied by the VCO.
. About 25% is occupied by the main loop filter capacitor.

ﬁ“.!li ERRCREER

 Nominal power consumption:
. From Vp = 1.2V (used by most circuits): 2.4 mA
. From Vpp, = 0.8V (only used by the VCO): 1.45 mA
. Total = 4.0 mW

Lﬁ;" Brookhaven
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Post-layout simulation of the TSPC divider

* No issues noticed while operating at 6 GHz (for all process corners).

Transient Response Wed Mar 22 19:04:31 2023 1
s F I VAN A WUAWAWAWAW AW D
LI

I /CLK @ 1 .0 _z
J/CLK & E
206 ]
>
0.2
im
¥
Y @ E —_——
S
> 0.5
0.0
e

b
= /YB & E
- ® 1.0—g
S i
= 0.5

0.0—5 = —

""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""
7.3 7.35 7.4 7.45 7.5 7.55 7.6 7.65 7.7 7.75 7.8 7.85
time (ns)

Brookhaven
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I - Comparison of pre- and post-layout simulation results (tt corner)
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Post-layout simulation of the VCO

* No significant changes to oscillation frequency or phase noise (tt corner).

« Simulation accuracy may be limited by the fact that only RC extraction was performed (trace
inductances were not extracted).

harm=1 freq; pss (Hz) Mon Mar 27 11:25:57 2023 1 ourput noise; dBe/Hz Mon Mar 27 11:25:57 2023 1
- 0 — " EIs O ——————————— 3
Ad v -10.04
I harm=1 freq; pst 6.6 [ output noise; dBe/Hz
i [ harm=1 freq; pst B Bl autput noise; dBe/Hz @ -20.0 4
6.55
-30.0
6.5
-40.0
6.45
6.4 -50.0
N
6.35 § -60.05
_ 63 S 700
T 8
96.25 S -80.0
6.2 £ 900
6.15 0-100.0—
6.1
-110.03
6.05
-120.0 4
6.0
5.95 -130.0
5.9 -140.0 5
1000 2000 3000 4000 5000 6000 7000 800.0 L e L
ve (m) relative frequency (Hz)
Tuning range for the two lowest bands Phase noise for the two lowest bands
¢ Brookhaven
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Post-layout simulation of the whole synthesizer

«  Output dividers were set to divide ratios of 2 and 4, respectively.
« Transient simulation in “conservative” mode took ~18.5 hours.

i Transient Analysis "tran": time = (0 s-> 12 us) li

ENamE |\l"|5 F”I ____"_._‘_—__________.____—_.-.—...-.—.—.—.—.-.-.-.-‘--..-.-.,...,...|.. - "?
j R d

' - /LD & 1.3
| - A 1.2

1.1

o Cycle slips

0.9

0.8

0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0

-0.1

V (V)

: 0.0 2.0 4.0 6.0 8.0 10.0 120 !
L? Brookhaven | time (us) =

National Laboratory e
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Post-layout simulation of the whole synthesizer

« Output dividers were set to divide ratios of 2 and 4, respectively.
« Transient simulation in “conservative” mode took ~18.5 hours.

‘Transient Response

R E B
1 380"

o RS

11.9775
time (us)

Zoomed-in view in steady-state conditions (after locking)

» Settling time is increased by cycle slips — suggests that the initial frequency offset increased due to a
shift in the VCOQO’s free-running frequency compared to pre-layout simulations.

« A small static timing error (~200 ps, 1% of T¢) is observed.

¢ Brookhaven
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Design of the test board (1)

+1v2 +1vV2 +1V2D +1V2D +1v2D +1V2D +2V5 +2V5 +2V5 +2V5 +2V5

i i ’i ’i
™~ © o oo
o [SIpa) (S

« Simple design .

Cik
0.1u
GND Q—lb
€15
0.1u
c16
0.1u
GND Q—ll%
€26
0.1u
E
% ” 5o
<
]
4
5 <
6 o
N

Conn_01x12_Socket

e E 32 i iui_ in: i
IR A A e A s
H GND LMK1D2102RGTR
» Allows chip to be programmed E 835 | aw
1 H Bypass capacitors P CND ; t 7 g CND Eml é E
from a processor using 2.5V logic pooss o9 . g " e oo
g; 0.1u 1k ‘5' 4 14 1‘3‘ Rlagz
1 i H +2v5 «——32 15 LVDS driver 13
 Differential outputs available from ] |12 e a4 —oue
. R8 VACREFL 8 |g tol_t0 OET:_N 173} J6 <~ our2
50 9 OUT4_P 1
LVDS drlverS VAC_REF1] _[ giu 94{\?”3 Eff ) 18
. . c3 Ro 1: GND
e Drivers have a maximum T 4 T o
L ond INLP 2 £/ 825 | onp
specified data rate of 2 Gb/s s B2 8
o REFEXT ? dololslla 50 P
- Ey-pey= GND L 1721 onp Slezo
« Baluns used to generate 555885 |u proser 2 ;z to12 e ST
. PED_RST L gg 0<.:12u 50 4 f i: 14 _ gﬂ?ig 175) 1u =
. 5 . 13 1
single-ended outputs from asse i L gy i L R v UL ° j? >
. . . Cncfe ! R1 7_{7 1L QUTLP Y o outa
LVDS to simplify testing T Bz S S xw-wnOL SN P
- 2 NChs VAC_REFO c1 9 - f“m 175
dduuuuuNc_ B 0.1u o
« No impedance matching at the EEEEEES i I 11 X
- o GND +| 6256 GND
R11 = x| a&a
. . “ I jﬁ 12C_RST 3 5a%2
reference input due to its “low SE
SCL Sl
U4 us Olozv
frequency (<5O MHZ) o +1v2D SN74AVC4H4T245DT V5 o o +1v2D SN74AVC4T245DT V5 o B i
H H . 16 1 1 16
« This was not a good idea; e vece Vf;.;:ﬁ i o veck zggg% $
H H REF 11.; 208 2DIR z DIV_RST tzo 2DIR *20E ig
external matching resistor v 1:§ S —— e
wiﬁl 281 2A1 3 \ ;—E—s g g 21 281 ié
had to be added later o e == B
Power
z sz=2535 zo o ,1v20 MAX13046EELT+T +2V5
File: power.kicad_sch ; VL vee g
glﬁm}HmeﬁmHﬁ T] T : ] oo st
Lr BrDthaVEn 20 18121422 123 Bidirectional logic translator

Mounting holes
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Design of the test board (2)

OUTPUT NOISE SPECTRAL DENSITY (uV/yHz)

—y
o

—_

o
—_

0.01

The VCO power supply has a low value (~0.8V) and must also have extremely low noise to
minimize phase noise due to supply modulation

Most low-noise linear regulators set the output voltage by comparing a band-gap reference
(Vgg = 1.2V) with a fraction, a, of the output voltage (set by a resistive divider)

« Itis impossible to generate regulated outputs below Vg5 = 1.2V

« Attenuation of a in the feedback path results in closed-loop gain of 1/a for reference noise, which
thus tends to dominate the output noise PSD

«  Example: LT1761 low-noise micropower LDO (Analog Devices)

Output Noise Spectral Density Output Noise Spectral Density » Output noise PSD increases with output
= voltage — as expected for reference noise.

—
(e

HELEs :
. -28.-3 = . . .
el :ng_?'?jg-f.}.m_zs = Luers LR Total !ntegrated (rms) noise can be decreased
Y | 2 NN b LU L by using a bypass capacitor, Cgyp, to low-
= 2 N ﬂf’ﬁsﬁﬁi\mﬂowr pass filter the reference noise.
-LT1761-BYP, Il 5 fhgmm ot ] ]
5D, 12 4 717611 5T \ z LT|17|6|1|-.|B@\ X « Nevertheless, the low-frequency noise (which
LN 2 01 Ecgp=00nF S translates to close-in phase noise) remains
Cour - 104F = poor — about 300 nV/Hz"2 for V1 = 1.2V
| Cgyp=0 = | Cour = 10pF
L= 100mA S ooy LLZ190mA
10 100 1k 10k 100k . 10 100 1k 10k 100k

FREQUENCY (H2) FREQUENCY (Hz) Source: LT1761 data sheet 20

1761 G4 1761 G42



Design of the test board (3)

« Obtaining a regulated supply voltage with significantly lower noise requires a different
regulator architecture.

 Example: LT3042 (Analog Devices)

 Replaces the voltage reference with a low-noise current reference, which drives an external
resistor that sets the output voltage

« Allows the output voltage to be regulated all the way to zero by a unity-gain buffer
«  Eliminates multiplication of reference noise at the output terminal

Noise Spectral Density o Greatly improved low-
v 1000 ==y il S H
5V +50 e Cser ~0.07)F frequency noise — for
- h 1l == Uggr=U.4/}
SN PN === cser= 1 Cser = 22 YF, ~2 nV/HZ'?
= 100 =P === Cser=4.7yF
v B SeHi S SRR Cser = 220F above 200 Hz
wr = N
IES"JII = % |9 "|
. LLl b M
aus il o B
GND ILIM  PGFB = (SRR
453k = m., =
1% S 1hvy=5
F Rser = 33.2kQ
49.9k CDUT=4.?|JF
1% |, =200mA
= a4z TAOE 0'110 100 1k 10k 100k 1M  10M Source: LT3042 data sheet

FREQUENCY (Hz)
3042 549
Q National Laboratory 27




Test setup
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Control application

Edit Operare Tools Window Help

 Developed by Piotr Maj (BNL) =

« Allows all parameters to be set
over I2C from a NI sbRIO board

« Reports PLL status via the lock
detect (LD) signal

» Also reports locking time (in units
of the FPGA clock period of 25 ns)

« Testing revealed that all reset
signals (DIV_RST, PFD_RST,
LF_RST, and 12C_RST) must be
actively pulled low — logic
translator inputs drift high when
they are left floating

Jvco = Jrer N = Jrer X8X (NP +5)
_ Jreo

our —
M ~— Output divide ratio
L? Brookhaven

National Laboratory

3 W @

t"‘) Brookhaven PLL v 0.03

National Laboratory
CONFIGURATION

VCOB 34
DIVP 46
DIV_S 3

ODIV1 164

ODIV2 254

ICP_x2 8
IVCO x8 13 o @,
IOTA 4

Time 2244969201
Address 1000
Register 2 Data 1

SDA ~
avg1 /
(R

M Continuous 13000561
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Conclusions from initial testing

 PLL operates as expected, but output jitter dominated by the reference (a function generator)
« Estimating the added jitter requires a low-jitter reference source

e Option 1: Low-cost OCXO ($25 on eBay)
*  Output frequency is fixed at 10 MHz

«  Option 2: Moderate-cost GPSDO ($150 from Leo Bodnar Electronics)

 Preferred since the output frequency is adjustable over a broad range using an internal multi-loop
analog-digital PLL that multiplies the output of the internal TCXO

However, requires access to a room with a sky view to allow locking to GPS

GPSDO

L? Brookhaven
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Jitter measurements: Reference input

 Reference source: CTI OCXO @10 MHz
« OCXO output is ~5Vpp into a 50 Q) load, has to be attenuated before feeding the chip
«  Significantly lower jitter than the function generator

TIE1: Histogram

=+

Os = “OHz 2MHz 3MHz
Height1: Eye Diagram L TJ@BER1: Bathtub

L? Brookhaven RMS jitter = 2.9 ps, Peak-peak jitter = 21.7 ps

National Laboratory
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Using the GPSDO

Availability of an active GPS antenna (with built-
in preamp) allows the antenna to placed quite
far from the GPSDO

«  Connection uses ~8 m of coaxial cable

Enables the antenna to be placed near a
window, thus ensuring a good sky view

|
] |
‘ o
€ TR
e Ly
a0
22

W)
-

GPS antenna
(with magnetic
base)
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Jitter measurements: Reference input

 Reference source: Leo Bodnar GPSDO @10 MHz
« GPSDO output is ~3.3Vpp into a 50 Q load, has to be attenuated before feeding the chip
«  Output jitter is ~2.5x better than the OCXO at the same frequency

TIE1: Histogram TIE1: Spectrum

100fs H1--

10f=

-1ps s 1ps s Tns A “OHz T IMHz

Height1: Eye Diagram L TJ@BER1: Bathtub

L? Brookhaven RMS jitter = 1.1 ps, Peak-peak jitter = 7.9 ps

National Laboratory




Jitter measurements: Recovered clock

 Reference source: Leo Bodnar GPSDO @10 MHz
« Output jitter is ~5x larger than that of the reference

« Output jitter does not change significantly if board is powered using benchtop DC power
supplies rather than batteries — on-board LDOs have good PSRR

TIE1: Spectrum

TIE1: Histogram

2hHz 3hHz
TJi@BER1: Bathtub

5ps -10p=s -aps 0=

Height1: Eye Diagram

'1I:II:|r'|'|I"."I R N LRI | - -+ s oA IR R RN [ 5. L A i i A
L L S o L Er %

L? Brookhaven RMS jitter = 5.7 ps, Peak-peak jitter = 39.3 ps

National Laboratory
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Jitter measurements: Output 1 (M = 8, 480 MHz)

 Reference source: Leo Bodnar GPSDO @10 MHz

« Overall jitter is similar to that obtained with the OXCO, showing that the contribution of the
reference to output jitter is relatively small

TIE1: Histogram TIE1: Spectrum

i 1f . : I " aoitl 4
0= aps 10ps 13ps 20ps 23ps 100mMHz 150MHz 200mHz

Height1: Eye Diagram L TJ:2BER1: Bathtub

0000, TotalBO00C470000

(#) Erookhaver RMS jitter = 5.7 ps, Peak-peak jitter = 48.4 ps

National Laboratory
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Jitter measurements: Output 2 (M = 2, 1.92 GHz)

 Reference source: Leo Bodnar GPSDO @10 MHz

« Peak-to-peak jitter increases due to asymmetry between the rising and falling edges, which
is determined by the on-board LVDS driver and not the PLL

TIE1: Histogram TIE1: Spectrum

Oz 20ps 40ps= :: T 0.80Hz 1 2GHz

Height1: Eye Diagram L T.TBER1: Bathtub

.........................................................................................

...............................................................................

-100mY =

S0p= 150ps 05 -04 03 -0z -0 0

L? Brookhaven RMS jitter = 14.6 ps, Peak-peak jitter = 122.4 ps

National Laboratory
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Summary of jitter measurements

« Reference source: Leo Bodnar GPSDO

« Jitter decreases with increase in f,-- due to the smaller multiplication factor for input-
reference noise sources (reference, divider, etc.).

Measured jitter: rms | peak-to-peak

frer (MHZ) | Reference (ps) | Recovered clock (ps) | four = 480 MHz (ps) | four = 1.92 GHz (ps)

39.3 48.4 14.6 122.4
20 1.5 10.6 5.4 40.5 4.9 49.8 10.0 80.3
40 1.25 10.4 5.1 37.6 4.7 38.7 9.5 74.5

L? Brookhaven

National Laboratory 37




Phase noise measurements

four = 1.92 GHz

u a

* Phase noise measured at different reference -70
frequencies using a spectrum analyzer (Rohde 20 b
& Schwarz FSW) N \\
 Increase in reference frequency reduces the 2 ot %\\
feedback division ratio, resulting in = 1\\%
. . -100 - by
* Increased loop gain and closed-loop bandwidth 0 \%
. [ . . 0
* Reduced multiplication of reference phase noise -2 -110+
c
@
s 200 ¢ =10MHz
o —
130 | —fREF = 20 MHz
fREF =40 MHz
-140
102 10°

L? Brookhaven

National Laboratory

10% 10° 10° 107

Offset frequency (Hz)
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Phase noise measurements (2)

 Measurements repeated using a dedicated phase noise analyzer (Rohde & Schwarz FSWP)
 Uses the cross-spectrum method to suppress internal noise sources
« Can separate noise into phase and amplitude components
 Reduces both the noise floor and trace variance (DANL) for a given total measurement time

Reference noise, GPSDO @ 40 MHz Output noise, frzr = 40 MHz

-80 -40
——Phase noise (PN) —Phase noise, 1.92 GHz
~ —— Amplitude noise (AM) N -60 —— Amplitude noise, 1.92 GHz | |
I -100 T =L —Phase noise, 480 MHz
3 o Amplitude noise, 480 MHz
=3 © -80 |
= -120 =
z £ -100
8 (&
 -140 Q
e " -120 > l
.g 160 _g \\
2 S 140 =\
N
80 e OO L
10" 10>  10°  10* 105  10° 107 10" 102  10°  10* 10° 10®° 107
Offset frequency (Hz) Offset frequency (Hz)
L? Brookhaven . . . ; . .
National Laboratory ~ RUDIOIA, Enrico, and Frangois Vernotte. "The cross-spectrum experimental method." arXiv:1003.0113 (2010). 39




Conclusions and future work

* An integer-N synthesizer suitable for flexible on-chip clock generation has
been designed and tested at 300K

« Jitter and phase noise performance is suitable for downlink data transmission up to 3 Gb/s

« Tests only carried out till an output frequency of 1.92 GHz due to the limited data rate of
external LVDS drivers

« Modification of the test board to permit cryogenic operation is underway

 Requires LDOs to be moved outside the cryostat and/or design of custom LDOs without
built-in thermal shutdown circuits

« Similar approach was recently used to test a quadrature LC VCO down to 8K

C '
¢ Brookhaven
National Laboratory 40
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Improved VCO design

«  Switch, resistor, and VooL
varactor sizes optimized to e
reduce phase noise while A\ - o -
O - ) c c
maintaining sufficient tuning Voo XN Co 0||1 | H, 0 oo,
range. | ||>
« A tail current LC filter b e o . vl -
(tuned to 2f,) reduces 1/f bl v 0 e I:|| |[| e
noise up-conversion but at R R o c VoD
g 1 1 —_—
the cost of additional layout
area. 1) N (D Iy/4
Ry;
L
Band selection network
Hegazi, E., Sjolanq, H., & Abidi, A. A. (2001_). Afilteriqg tephnique to lower LC LC filter to reduce 1/f
oscillator phase noise. IEEE Journal of Solid-State Circuits, 36(12), 1921-1930. noise up-conversion
L;\ Brookhaven
National Laboratory 42




VCO simulation (Vpp, = 0.8 V, I3 =1.6 mA)

« Total tuning range = 5.5 GHz — 9 GHz. . kU ————
+ Phase noise = -90 to —105 dBc/Hz at 1 MHz Zinoiar °° /
offset (depending on the output frequency). i=twinvinda RS

-l harm=1 freq; pss

8.0
* Phase noise needs further optimization: '.'.'EZEiiiiiﬁiiiig, 705 /
-l harm=1 freq; pss " _E /
] /

 Modify the value of DC bias resistors in the  mmnum=1cqps

varactor network to reduce their noise contribution. 60 e
* Increase switch sizes in the switched capacitor
network to reduce impact on tank Q. 00 03 0.5 02 12
» Filter out 1/f noise from the tail current source to  oumrose o - ?uif.d.«lﬂﬂﬁlk‘*zﬂznr 3

reduce degradation of close-in phase noise 71 0o

(caused by up-conversion of the 1/f noise). @ oupucnoise; dBe/Hz |
[ output noise; dBe/Hz T -20.0
B output noise; dBe/Hz C
B output noise; dBe/Hz % -40.0
Bl output noise; dBc/Hz ~—
[ output noise; dBc/Hz E -60.0
. (=)
[ output nollse, dBc/Hz = -80.0
[ output noise; dBe/Hz —
B output noise; dBe/Hz E_ =-100.0
L=
=

O _120.0

L?’ Brookhaven 100 10*  10°  10° 107
National Laboratory relative frequency (Hz)




ual-modulus prescaler

« Standard divide-by-2 or 3 circuit.
* Dynamic (TSPC) flip-flops used to minimize propagation delay.

voD 4 VoD 4
oD 4 oND 4y

1:60n
o o net4 g i N 1:2 net12 ﬁhgﬁf?ZZ
o o : simM:
> > totalM=2 otalM=2 atalM=] %B
13 7 pch_mac SetOpt\?’n:PreseH nch_mac V@SetOpt\?’ Presetl | on mac WSetO on:Frese
o A net4 net rlch,mec [ch,moc
D s QB D S QB ouT CLK| me.t% W7D6®®n CLK] W—DSEQn
:60n :60n
AgpIeP T net8 2 net2 QWZZ net2J gmﬂ
miIviz miviz
CLKZ % CLK= otalM= talM=2 talM:1
D) neh mac L Mr&SetOption:Preset1 neh mac reSetOption:Preset neh mac reSetOption:Pres:
" nets™ "'nch_mac” net?2 ch_mac" net2?2 ch_mac"
% % .% w:DSQQn CLK| :D6®®n meﬂ% :[Sf)@@n
O O 60n :60n :b@n
CLK GND rgheﬁﬂ GND igﬁr?ZZ GND igﬁr?ﬂ
: mM: :
@M 1 @M= @M1
preSetOption:Preset1 preSetOption:Preset pfeSetOption:Pres:
=
O
i _ ° °
IVp4BWP 12T
o L]
=
: Prescaler TSPC flip-flop
Yy, =
¢ | Brookhaven
National Laboratory 44
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Programmable counter (6-bit)

« The accumulator value increments on every [ =
rising clock edge. % L

A one-level carry select adder (CSA) is used

VDD GND.

since it has lower propagation delay than a

standard ripple carry adder at the cost of a

relatively small increase in complexity.

«
o EXT_RST

VDD

« The accumulator is reset when the value
reaches the 6-bit number P (set by the user).

Accumulator

'..., %
¢ | Brookhaven
National Laboratory Queclevel carry seleat adder (C5A)
ximum propagation delay

VAL<5:0> [Jummm—— B<5:

Digital
- -_comparator

VDD

VDD GND
-— — &
§ RSTo.*| °
a gg 2

VDD GND +
i Rsto.f| *
4??’;:

45

corner) = 250 ps, compared to ~320 ps for a ripple carry adder (RCA)



Swallow counter (4-bit)

« Standard “textbook” design.

« The output of the SR latch goes high when the output of the 4-bit ripple counter matches the
user-defined number S.

vDD 4P D<3.0> P
6ND 4

© vDD GND

—®&— GND VDD —m—
w vl

ouT gf——m=—

o 0O
o

GND

¢ Brookhaven
National Laboratory 46




Complete frequency synthesizer block

 Adds dual output dividers to the basic
integer-N synthesizer to allow generation of
two programmable output frequencies.

« Also includes input/output buffers.

¢ Brookhaven

National Laboratory
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Post-layout simulation of the PLL

L"\

Transient simulation of the tt corner shows no major changes in the PLL settling response.

Brookhaven

National Laboratory

E Transient Analysis “tran": time = (0 s -> 10 us) 1

E Name |\|'i5 F " || "'
v @ 8500
800.0
<'750.0
E
= 700.0
650.0
600.0

| /LD @ 1.2
1.0

0.8
0.6
0.4
0.2
0.0

V (V)

0 10 20 30 40 50 60 170
time (us)
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Post-layout simulation of the PLL (2)

« Transient simulation of the tt corner shows no major changes in the PLL settling response.

nnnnnnnnnnnnnnnn
Name \ ‘ {‘
v 1.324
LW /REF B~
>
0123
| 848,
L e E
>
im
LS
Y s I
LR
- /Y20 s
FYTEL
I =
- /00 S
>
e
5
ar
s
s
>
r ®
Lo
L B
>
0.121- e T T T T T T T T T T T T T T T T T T T T T T T
7.03 7.0325 7.035 7.0375 7.04 7.0425 7.045 7.0475 7.05 7.0525 7.055 7.0575 7.06 7.0625 7.065 7.0675 7.07 7.0725 7.075 7.0775 7.08 7.0825 7.085
time (us)

Zoomed-in view in steady-state conditions (after locking)
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Post-layout simulation of the PLL

« Transient simulation of the ss corner shows no major changes in the PLL settling response.

| Transient Analysis ‘wan’ time = (05> 10ws) T i
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Design of the test board (4)

« The DC power supplies are split into analog (1.2V), digital (1.2V), o
and VCO (O'8V) paths +1V5 LT301L|127>(MSE +OV8 0

«  All supplies use the same LDO (LT3042) to simplify the design e & VR - l

4, ILIM PGFB 4.7u GND
Hser 2 pol* \ i
1v5
GND
Qih j7 GND
1k
GND
RL5_ 19
GND 8.2!@ 4.7
GND GND
Us
+1V5 LT3042xMSE vz N
=
~| N
1N ouTfte j/?
€20 g EN/UY  OUTS g €22
4, ILIM PGFB 4.7u GND
Hser 2 pol* \ i
fi6 j7 GND
1k
GND
RL7_ c21
GND 12k$ 4.7
GND GND
ug
+2V5 LT3042xMSE +1v2D ©
=
~| N
é IN ouT 190
€23 S{en/uv outs €25
5, ILIM PGFB 4.7u GND
Heer 2 el ¥ I
o ] +2V5
fig j7 GND
1k
GND
oD RL9__ c24
iy = 12k 4.7u
¢ Brookhaven I
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Typical waveforms (1)

« Reference source:
Tektronix AWG

 PLL locked

» Reference waveform is
distorted due to lack of
impedance matching on
the test board

L? Brookhaven

National Laboratory

M&/n“h«—-"(

1

Reference
Ch2 F)qu
uwmfrﬁswswmz

Low signal -
: P | wevemaiiplitude
Recovered : o : : Chd Freq
' _ _ _ 1| 11.62Mz
clock

- J ;4‘ o 4.H | ¥ P’l' - :
Output 2 LU ‘N!\ LMU |
@ 'J--flﬁlm\?&’

200mv'Q Cha 100v'cz i
+v'95.2000ns :

s 'Wﬂ.—&mwwimh
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Edge i ey
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]
"

A Trigger
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—more—
1of 3
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Typical waveforms (2)

« Reference source:

Tektronix AWG
 PLL locked
* Distortion of reference Reference : : _ , :

i : o B : | - (:hszreq
waveform decreased by LBy AV TRV -
using a shorter cable ; i T evsdlipliLUde

Recovered : : : : : : Ch4 Fleq
| . 11 33MH2

Output 2

a0\ A
1. OOVQ .
I ."' 95. 2000“8 :

source Cou Ilng Slope “Level
Chd [?c I 1.06 V

L? Brookhaven

National Laboratory

A Trigger
Source

Chi

—more—
1of 3

Mode
Auto
& Holdoff
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Typical waveforms (3)

 Reference source:
Tektronix AWG

 PLL locked - Prenp—— Asf,'l',?g’:'
» Distortion of reference Reference _ : . A I o he
waveform greatly R correeied® B
decreased by adding a : : ro——— T '
. . —F 3 : X g ; I Ch4 FI’
50Q) load (via a splitter) Recovered B | | el - 1, ?gh,fﬁz M
next to the test board clock § e ':f”“““""“""’“"i‘““‘”"“ % ; 1
" !I ! ’ E i
H \ ¥
ampli L s
Ch1 Freq
Output 2
-more—
10f3
) _— Mode
: . Source | Coupling Auto
Tengg Chd LElE . D8 & Holdoff
L? Brookhaven
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Jitter measurements: Reference input

&‘\

Measured using the “one-shot jitter” mode on a Tektronix MSO 72004C high-speed
oscilloscope (4 channels, 20 GHz, 100 GS/s)

Highest observed output frequency ~1.9 GHz (corresponding to M = 2)
Reference source: Tektronix AWG @11.5 MHz

TIE1: Histogram H:Ti Y Ti TIE1: Spectrum

0= 20ps “OHz T hiHz ShiHz dhiHz

Height1: Eye Diagram H:Ti L TJ@BERA: Bathtub

Brookhaven RMS jitter = 19.8 ps, Peak-peak jitter = 106.5 ps

National Laboratory
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Jitter measurements: Output 1 (M = 2)

« Reference source: Tektronix AWG @11.5 MHz

« Little difference in jitter observed when the input voltage sources (3V batteries) were
replaced by a benchtop power supply — confirms good PSRR of the on-board LDOs

TIE1: Histogram TIE1: Spectrum

; -G0p=s -BOpz -40ps  -20ps 0= 20p= 40pz  EBOps  S0pz  100ps .:.: T 0.EGHT 1 2GHT

Y Woltage Height1: Eye Diagram ¥ Time ’ T.Ji@:BERA: Bathtub

(#) Erookhaver RMS jitter = 24.4 ps, Peak-peak jitter = 193.4 ps 57
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Jitter measurements: Output 2 (M = 8)

« Reference source: Tektronix AWG @11.5 MHz

« Little difference in jitter observed when the input voltage sources (3V batteries) were
replaced by a benchtop power supply — confirms good PSRR of the on-board LDOs

TIE1: Histogram TIE1: Spectrum

= 1
0z 20p= 40pz G0ps “OHz 100mMHZ 150MHz 200mHz

Height1: Eye Diagram L T.@BER1: Bathtub

(#) Erookhaver RMS jitter = 20.9 ps, Peak-peak jitter = 130.1 ps 5

National Laboratory




Jitter measurements: Output 1 (M = 2, 1.92 GHz)

 Reference source: CTI OCXO @10 MHz

« Peak-to-peak jitter increases due to asymmetry between the rising and falling edges, which
is determined by the on-board LVDS driver and not the PLL

TIE1: Histogram TIE1: Spectrum

Oz 20ps “OHz 0.8GHz 1 2GHz

Height1: Eye Diagram L TJ@BER1: Bathtub

L? Brookhaven RMS jitter = 14.0 ps, Peak-peak jitter = 113.6 ps

National Laboratory




Jitter measurements: Output 2 (M = 8, 480 MHz)

 Reference source: CTI OCXO @10 MHz

TIE1: Histogram TIE1: Spectrum

L .. Ly T ' b A .
-10p= 0= 10pz 20p= J0pz ‘OHz S0MHz 100mMHZ 1:30mHz 200mHz

200m

Height1: Eye Diagram HTi L TJ@BERA: Bathtub

100m

100y F

-200m"
-1ns

L? Brookhaverr RMS jitter = 6.1 ps, Peak-peak jitter = 54.7 ps

National Laboratory




Jitter measurements: Reference input

« Reference source: Leo Bodnar GPSDO @20 MHz
«  Output jitter is ~1.4x larger than at 10 MHz

TIE1: Histogram = Ti Y Til TIE1: Spectrum

WWWWMWWWMM

AMHz GhiHz 10MHz
T.J@BER1: Bathtub Wlls
o

L?* Brookhaven RMS jitter = 1.5 ps, Peak-peak jitter = 10.6 ps

National Laboratory




Jitter measurements: Recovered clock

« Reference source: Leo Bodnar GPSDO @20 MHz
«  Output jitter is ~3.5x larger than that of the reference

TIE1: Histogram TIE1: Spectrum

Os 2ps “OHz 2MHz 4hHz BhHz
Height1: Eye Diagram ®Ti L TJ@BER1: Bathtub

00mY = oo i ._.l{'l. T T :”—I_III:II;-I—E-- Sy

(#) Erookhaver RMS jitter = 5.4 ps, Peak-peak jitter = 40.5 ps

National Laboratory

10mMHz

U=
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Jitter measurements: Output 1 (M = 8)

« Reference source: Leo Bodnar GPSDO @20 MHz

TIE1: Histogram TIE1: Spectrum

-SpE aps 15p= 29ps - 100MHz 150mMH= 200mHz

P Height1: Eye Diagram b TJIBER1: Bathtub
200m' i

100mY .

-100mY =

-200m
-1nz

(#) Erookhaver RMS jitter = 4.9 ps, Peak-peak jitter = 49.8 ps

National Laboratory
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Jitter measurements: Output 2 (M = 2)

« Reference source: Leo Bodnar GPSDO @20 MHz

« Peak-to-peak jitter increases due to asymmetry between the rising and falling edges, which
is determined by the on-board LVDS driver and not the PLL

« Overall jitter is significantly lower than that with the GPSDO at 10 MHz due to the smaller
multiplication factor for input-reference noise sources (reference, divider, etc.).

TIE1: Histogram TIE1: Spectrum

3ps -20ps -10ps Oz 10p= 20ps 30p= .:.: z 0.85Hz 1 2GHz

Height1: Eye Diagram L TJBERA: Bathtub

-1 00 . . . : —— . . . ........ ........ o7 :

S0ps 150ps -0.5 -0.4 -0.3 0z -0

(#) Erookhaver RMS jitter = 10.0 ps, Peak-peak jitter = 80.3 ps 64
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Jitter measurements: Reference input

Reference source: Leo Bodnar GPSDO @40 MHz
Output jitter is slightly larger than at 10 MHz

TIE1: Histogram X Time Y. Time TIE1: Spectrum
. ...

ghiHz 12 r1H
TJ@BERA: Bathtub

I (#) Erookhaver RMS jitter = 1.25 ps, Peak-peak jitter = 10.4 ps

16MHz
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Jitter measurements: Recovered clock

« Reference source: Leo Bodnar GPSDO @40 MHz
« Output jitter is ~4x larger than that of the reference

TIE1: Histogram TIE1: Spectrum

100f= =

0= 20p= giHz 12hiHz
Height1: Eye Diagram L TJ@BER1: Bathtub

L? Brookhaven RMS jitter = 5.1 ps, Peak-peak jitter = 37.6 ps

National Laboratory

66



Jitter measurements: Output 1 (M = 8, 480 MHz)

« Reference source: Leo Bodnar GPSDO @40 MHz

TIE1: Histogram TIE1: Spectrum

0= 15 20ps :::: 100kHz 150mMH= 200mHz

S Height1: Eye Diagram N TJIBER1: Bathtub
200m ’

100mY g

-100m*%

-200m

L? Brookhaverr RMS jitter = 4.7 ps, Peak-peak jitter = 38.7 ps

National Laboratory




Jitter measurements: Output 2 (M = 2, 1.92 GHz)

« Reference source: Leo Bodnar GPSDO @40 MHz

« Peak-to-peak jitter increases due to asymmetry between the rising and falling edges, which
is determined by the on-board LVDS driver and not the PLL

* Overall jitter decreases compared to that for fr-- = 10 MHz due to the smaller multiplication
factor for input-reference noise sources (reference, divider, etc.).

TIE1: Histogram TIE1: Spectrum

0.8GHz 1.2GHz

=20 P A0 [4=3 O= 10 =
Height1: Eve Diagram HTi L TJEBER1: Bathtub

......................................................................................

- 00ms o ........ ........ -

5 0.4 03 02 0.1 ] 0.1

(#) Erookhaver RMS jitter = 9.5 ps, Peak-peak jitter = 74.5 ps 68
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Typical waveforms

 Reference source: Leo Bodnar GPSDO @40 MHz

e  QOutput divider 1: 2
e  Output divider 2: 8

 Divider parameters:
. N=2,P=11,S=2
. VCO frequency = 7.68 GHz
. Output 1 frequency = 1.92 GHz
. Output 2 frequency = 480 MHz

L? Brookhaven

National Laboratory

- CLK

OUT1
- OUT2 |

Ee LU

el 500.0mVidiv 500 By:2.0G6
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@i 200.0mVidiv 500 By:10.0G
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)
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Man  April 11, 2002 07:02:20
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CDR design
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Phase detector (PD)

« Used in the CDR loop.

« An Alexander or “bang-bang” PD is used to
enable operation at high data rates.

. Unlike a linear PD (such as the Hogge
design), the output UP/DN pulse widths w» «»
produced by a bang-bang PD are at least "
one clock cycle long.

Frequency detector
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« A simple modification (one additional AND o, |
gate) of the basic Alexander PD is used to
provide frequency error information.

«  The resultant locking range is unbounded
for negative frequency errors (fg; x < 1/Ul). W
« This eliminates the need for a separate 1 4

frequency acquisition loop. Basic Alexander PD
(using TSPC flip-flops)
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&\ Brookhaven:  Park, K., & Jeong, D. K. (2020). Analysis of frequency detection capability of Alexander phase detector.
National Lahoratory — Efectronics Letters, 56(4), 180-182. "




Complete CDR design

&‘\

Dynamics are fundamentally
nonlinear due to the high gain
of the bang-bang PD.

Fixed passive second-order
loop filter used for simplicity.

The charge pump bias current

lop acts as a free parameter

for adjusting the CDR loop

dynamics.

« |If I is scaled by a, scaling
the loop filter resistance and
capacitance by 1/a and q,

respectively, should result in
similar stability properties.

Brookhaven
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Do NOT use ++aps simulation option — accuracy is not good enough in
I_CP = 20 uA (alpha = 1): use R = 6 kOhm, C = 800 pF
1.CP = 5 uA (alpha = 1/4): use R = 24 kOhm, C = 200 pF
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Simulation of the CDR (/. = 20 pA, a = 1)

Transient Response Tue Jul 12 17:34:33 2022 1 eye_DATA 1
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Eye diagram after locking (dominated by assumed
Main waveforms, data rate = 3 Gb/s (PRBS-31 input) input jitter of 20 ps,..)

« Initial loop filter voltage (V) set below the set point to ensure that the initial frequency error is negative.
« Lock time ~200 ns, little cycle slipping observed due to frequency detection within the PD.
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Simulation of the CDR (ICP =95 uA, a=1/4)

Transient Response
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Eye diagram after locking (dominated by assumed
input jitter of 20 ps, )

« Initial loop filter voltage (V) set below the set point to ensure that the initial frequency error is negative.
« Lock time ~700 ns, little cycle slipping observed due to frequency detection within the PD.

L?' Brookhaven

National Laboratory

74



On-chip LDO design




Effects of supply noise on oscillator stability

« All oscillators exhibit frequency “pulling” with respect to the power supply.

 Thus, supply noise (e.g., due to an LDO) will result in instantaneous frequency fluctuations
that increase oscillator phase noise (PN), while supply ripples will generate output spurs.

« This effect can be analyzed by assuming that only white noise sources are significant; this is
valid in the 1/f region of the PN spectrum.

IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS—I: REGULAR PAPERS, VOL. 67, NO. 12, DECEMBER 2020 Si n u Soid a I ri p p | e’ v(t) _ Vm Si n (27Z_fmt) :
Analysis and Design of Power Supply | kv Y
o : S, =10lo m
Circuits for RF Oscillators spur 810

Alessandro Urso™, Student Member, IEEE, Yue Chen™, Student Member, IEEE, ] . .
Johan F. Dijkhuis, Member, IEEE, Yao-Hong Liu“, Senior Member, IEEE, Typlca| SW|tCh€d'Ca paC|t0r DC-DC converter:

Masoud Babaie™, Member, IEEE, and Wouter A. Serdijn™, Fellow, IEEE

I Vri e
=—L— (sawtooth) = V. (f,,)=—"2=
4

Example: ripple —
« Forl =1mA, Cy =0.01uF, and f = 10 MHz, we get . fly < clk
Viipple = 10 mV. Required PSRR for LDO:
* Assume K, = 0.38 GHz/V. V. (f.) [ K
- Prediction: Need PSRR > 36 dB @ 10 MHz to keep PSRR = —ePle o Ly
Sepur < -60 dBc. V., 27Cy, f5, 107
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Effects of supply noise on oscillator stability

« All oscillators exhibit frequency “pulling” with respect to the power supply.

 Thus, supply noise (e.g., due to an LDO) will result in instantaneous frequency fluctuations
that increase oscillator phase noise (PN), while supply ripples will generate output spurs.

« This effect can be analyzed by assuming that only white noise sources are significant; this is
valid in the 1/f region of the PN spectrum.

IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS—I: REGULAR PAPERS, VOL. 67, NO. 12, DECEMBER 2020 Leeso n IS p h a Se n Oise m Od el (1 / f2 regi O n ) :

Analysis and Design of Power Supply Af) — 10 100 (£
Circuits for RF Oscillators (47)=10l0g,, 10°P,, (Af j

Alessandro Urso™, Student Member, IEEE, Yue Chen™, Student Member, IEEE,

Johan F. Dijkhuis, Member, IEEE, Yao-Hong Liu™, Senior Member, IEEE, FOM ~190—-195 dBC/HZ for CMOS LC VCOs

Masoud Babaie™, Member, IEEE, and Wouter A. Serdijn™, Fellow, IEEE

PN induced by power supply noise:

Example: ) 2
* For FOM = 190 dBc/Hz and Ppc = 1 mW, we get _ —al K,
L(Af) = -114 dBc/Hz @ 1 MHz offset. L., (Af)=10log, [Vn,sup (Af )( A fj ]

* Assume K, = 0.38 GHz/V.

« Prediction: Need v, < 5.0 nV/Hz"2 @ 1 MHz to keep
Lop(Af) < L(Af), i.e., avoid PN degradation.
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Example: LC VCO at 6 GHz (2)

« Multi-band LC VCO design for use in an integer-N frequency synthesizer. Two power supplies:
«  Main Vpp (Vpp, = 0.8V) fed into the VCO core through the center-tap of a symmetric inductor.

* Auxiliary Vpp (Vpp = 1.2V) used by 1) the CMOS inverter-based output buffers, 2) the control signals
for the band-adjust switches.

« PSS, PAC, and PNOISE simulations were used to estimate supply pulling and the PN power
spectrum versus changes in both Vp and Vpp.

VppL Sweep
(0.7-1.0V)

L?‘ Brookhaven

National Laboratory
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Example: LC VCO at 6 GHz

« Multi-band LC VCO design for use in an integer-N frequency synthesizer. Two power supplies:
«  Main Vpp (Vpp, = 0.8V) fed into the VCO core through the center-tap of a symmetric inductor.

* Auxiliary Vpp (Vpp = 1.2V) used by 1) the CMOS inverter-based output buffers, 2) the control signals
for the band-adjust switches.

« PSS, PAC, and PNOISE simulations were used to estimate supply pulling and the PN power
spectrum versus changes in both Vp and Vpp.

harm=1 freq; pss (Hz) Fri Apr 28 11:00:12 1i  output noise; dBc/Hz Fri Apr 28 11:00:12 2
Vpp sweep e————e ” s
(1.0-1.4V) . | ¥ 200
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g 8 8001
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60367 -130.0
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National Laboratory vdd relative frequency (Hz) 79




High-PSRR on-chip LDO design

« The supply sensitivity of LC oscillators, while
much lower than that of ring oscillators, can still
result in significant phase noise degradation
due to power supply noise and/or ripple.

' PathI:
:'/lnhcrcnt signal
path due to Np

L]
L]
L]
L]
L]
L]

L]
L}
L]
L]
L]
L]
]
"
L]
]
L]
¥
L]
L]
L]
L]
L]

« The preferred solution is to run the VCO (and

possibly also the VCO buffer) off its own high- N et e Vou
PSRR regulated power supply, i.e., a low- by e ot

dropout (LDO) on-chip voltage regulator. 2

«  The PSRR of the proposed LDO is improved over a R.[ Cous

broad frequency range via an auxiliary (AUX) amplifier
for adaptive feed-forward ripple cancellation (FFRC).

. In addition, an NMOS power transistor is used to Fig. 2. Conceptual block diagram of the LDO.
ensure low dropout voltage (< 100 mV at 100 mA
load) and low overshoot/undershoot during transients.

T Jiang, J., Shu, W., & Chang, J. S. (2018). A65-nm CMOS low dropout regulator featuring> 60-dB PSRR over 10-MHz
Lf frequency range and 100-mA load current range. IEEE Journal of Solid-State Circuits, 53(8), 2331-2342. 80
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LDO schematic: main amplifier

* Design uses a mix of normal and I/O (2.5V) devices.
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DO schematic: auxiliary (AUX) amplifier
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Complete LDO design and test bench

« An additional op-amp is used to generate the reference voltage for the AUX amplifier, which
should be Vgeex =V — Vour/2 for optimal feed-forward cancellation.
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LDO simulation results (Vg7 = 0.8V)
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Effect of the LDO on VCO phase noise

« We observe ~10 dB degradation in close-in phase noise due to the output noise of the LDO.
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Potential design improvements

Lr"\

Using a PFD with increased linear range.
» Provides improved settling time (e.qg., for large frequency steps) by eliminating cycle slips.

Using a dual-path loop filter (LF).
« Enables the proportional (P) and integral (I) terms in the LF transfer function to be independently set.

 However, adding together the outputs of these paths generally requires use of the current domain,
which in turn imposes additional |-V and V-I conversions.

Modifying the PLL architecture to improve its radiation hardness.

« The IpGBT group has performed extensive research in this area. TMR has been used for the digital
blocks, while the VCO design has been modified to minimize its LET cross-section.

* Nevertheless, large and slowly-decaying phase transients after each radiation event are inevitable
due to the limited PLL loop bandwidth.

* Our idea: Instead of hardening individual components within a single PLL, use multiple PLLs
scattered across the chip and perform majority voting on their outputs. This novel approach has the
potential to completely eliminate radiation-induced phase transients.
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Next steps

« Implement and verify the proposed design improvements, in particular the
use of redundant PLLs to eliminate phase transients due to SEUSs.

« Simulate performance at cryogenic temperatures (using 77K device models).

« Cryogenic models for 2.5V transistors are not available, so simulations of certain blocks
(e.g., the LDO) may not be possible.

¢ Brookhaven
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