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ABSTRACT

Jitter noise contributed by the clock source (frequency synthesizer or phase-locked loop (PLL)) has a big impact
on the performance of new generation high-performance Gsps analog-to-digital converters (ADC).

Both in-band and out of-band noise performance of the PLL impact the ADC signal-to-noise ratio (SNR), and
consequently the effective resolution of the ADC (ENOB). The noise contributed by the PLL can be reduced
by operating the PLL Phase Frequency Detector (PFD) at higher frequencies, reducing the input -output
multiplication factor N, and using a bandpass filter to reduce far-out noise (or noise floor). This application
note describes how to estimate the jitter requirements, translate that into a PLL phase noise requirement, and
determine (recommending) the filter bandwidth needed to minimize the SNR performance degradation due to
the clocking source. While this analysis is generic and applies to any PLL and ADC, a specific example will be
provided by using TI LMX2594 high performance PLL and ADC12DJ5200 12-bit, 5-GSPS ADC.
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1 PLL Phase Noise and RMS Jitter

The generation of accurate waveforms plays a crucial role in almost all electronic equipment, from radar to
consumer electronics. A frequency synthesizer, or Phase-Locked Loop (PLL), is defined as a system that
generates one or many frequencies from a very accurate and stable reference, in such a way that the ratio of the
output to the reference frequency is an integer (integer-N PLL) or fractional number (fractional-N PLL).

FOUT :(NXF) 1)

where

*  Four is the output frequency
* Fgrer is the reference frequency
* N s either an integer or fractional number

For more information on PLL and frequency synthesis, refer to [1], [2], [3]. The ideal output of a sinewave
generator is given by Equation 2:
Asin(oyt+ o) @)

The corresponding spectrum is a delta (Dirac) function at frequency Fo = wo / 2m. In the real world, the
generated signal will be:

A[1+n, (t)]sin[ ot + ¢+, (1)] 3)

where

* ng4(t) is the amplitude noise, which in most cases is negligible
* ny(t) is the phase noise

The corresponding spectrum will exhibit a skirt around the carrier frequency, as depicted in Figure 1-1.

Po
7Y

PN

Noise

Fo Af 1 Hz

Figure 1-1. Ideal and Real Output Spectrum for a Sinusoidal Signal

To quantify phase noise, consider a unit bandwidth (1 Hz) at an offset Af with respect to Fq, calculate the noise
power in this bandwidth and divide the result by the carrier power:

Nipz (AT)| rad?
PN(Af): 1Hz( )
P, Hz
(4)
where
*  PN(Af) is the single sideband (SSB) phase noise at offset frequency Af
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In dB:

Niwz (AF
PNqg (A7) - 1010g| Nz (47) {dBC}

P Hz
° (5)
Figure 1-2 shows a typical PLL phase noise plot.

PPhase Noise 10.00dB/ Ref -30,.00dBc/Hz
Carrier 11000022747 GHz  -0.3309 dBm

0,00k 1: [100 Wz | || LB7.0876 [dBc/Hz
2: |1 kHz -987.2239 |dBC/HzZ

40,00 3: 110 kHz =107.2401 dBC/HZ
4: 100 kHz | -109.3684 dBC/HZ
5: 1 MHz -121.7671 dBc/Hz

0.0( 6: 10 MHZ -145.6257 dBC/Hz
7: 40 MHz = -154.5080 dBC/HZ
8: 95 MHZ ~158.7885 dBc/Hz
>9: 100 -MHZ —=159:1311 dBc/Hz
=== NOj$E ===
Analysis Range X: Band Marker
Analysis Range Y: Band Marker
Intg Noise: -52.8193 dbBc / 19.69 MHz
RMS Noise: 3.23258 mrad

185,213 mdeg
RMS Jitter: 46,771 fsec
Residual FM: 3.62035 kHz
1
10.0
1.0,k — —— 5 — —a.

Figure 1-2. Typical PLL Phase Noise Plot (LMX2594 Phase Noise at 11 GHz)
Depending on the specific application, phase noise can be specified as a mask, in which case phase noise

target values at given offset frequencies are provided, or as integrated RMS noise, over a given integration
bandwidth:

fmax

PNims = [« PN(f)df [ rad? |
(6)
where
» fmin and fmax are the lower and higher integration limits, respectively
In dB:
PNgp = 1010g(P N, )[dBc] -

Phase jitter can be calculated from the integrated RMS noise as:

Drms = 2PN [rad] ®)
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Equation 9 shows the phase jitter in degrees.

180
@deg = T@rms
9)

where

» The factor 2 takes into account that phase noise is defined as SSB and noise is actually present on both
sides of the carries (dual sideband (DSB) noise).

Time jitter can be calculated from phase jitter as:

TS|
™o (10)

Time jitter is typically specified for clocking application, where accurate sample time is required, and can be
interpreted as the spread around the zero crossing of the clock signal, as depicted in Figure 1-3.

f, =110 MHz

Amplitude Variation
Due to Clock Jitter f, =10 MHz

Clock Jitter
(Phase Noise)

A

Figure 1-3. Jitter in the Time Domain

2 ADC SNR and Jitter Impact

This section discusses the effect of the clock generator phase noise and jitter on the performance of the data
converter, focusing on analog-to-digital converter (ADC) and signal-to-noise ratio (SNR) as an indicator of the
ADC dynamic range and linearity. The sampling clock jitter (Tj) is the combination of the jitter contributed by the
clock source (Tjgk) and the internal ADC aperture jitter (Tapr):

Ti= \/(Tjapt)z (T )2 [s]

The ADC SNR degradation due to jitter (total) can be calculated as:

(11)

SNRje, (f) = ~20log(2rfT; )[dBc] (12)

If SNRADC is called the contribution to the ADC SNR due to quantization and thermal noise, noting that ADC
parameters are usually expressed in dB from full scale (dBFs) to account for input signal level, then the total
SNR can be calculated as:

2
BO - SNRjjter J N [1 0 ~SNRapc

2
J [dBFs]
20 20

SNR(f)=-20log \/[10

(13)
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where
+ BOis the input signal level back off from ADC full scale

If the harmonic distortion (THD) is included, also expressed in dBFs, define the ADC signal-to-noise and
distortion (SINAD) as:

2
SINAD(f) = -20log {mm] +[10ﬂJ:2 [dBFs]

20 20
(14)
Finally, calculate the effective number of bits of the ADC (ENOB) as:
SINAD(f)-1.76
ENOB(f) = (—)
6.02 (15)

2.1 Examples

1. Determine the PLL jitter requirement for 12-bit 5-GSPS ADC with 53-dBFs SNR for a 4-GHz input signal at

—1 dBFs. Assume a 3-dB maximum degradation of SNR and ADC aperture jitter of 50 fs.

» Solution: using Equation 11 through Equation 15, incorporated in the jitter calculator tool, complete a
budget analysis as depicted in Figure 2-1. At 4-GHz input frequency, 1 dB back off from full scale, for
3-dB SNR degradation (1/2 bit ENOB), the maximum allowed total jitter is calculated at 100 fs, and
assuming 50-fs aperture jitter, the max clock jitter is 86 fs, or =51 dBc. The plots shows clock jitter
requirements versus input frequency.

SNR to Jitter Calculator

ADC
Device Parameters Naotes | Device Parameters Notes
Part # ADC12DJ5200 Custom ADC Inputs |Select from flist or input values Partif LMX2594 Custom PLL inputs  |{*) See note below
4 of bit 0 [ Custom input will overrite default Fo 5 GHz
Gsps 5 GHz GHz Tjclk 86 fs PLL rms jitter
VFs 0.3 Vpp Vpp PNrmsTot -51 dBc PLL integrated rms noise (DSB)
Back-off 1 dB dB  |Back-off from Full Scale
SNR 53 dBFs dBFs |Low frequency SNR
THD 80 dBFs dBFs
SINAD 53.0 dBFs SNR+THD
ENOB 8.5 Budget 50 % % in Band vs Floor
Fin a GHz GHz PNrnsSsB -54 dBc Single Side Band
Tja 50 fs fs PNrmsinBand -57 dBc [Fmin,BW]
Budget 3.0 dB dB |SNR degradetion due to jitter PNrmsFloor -57 dBc [BW, Fmax]
Loop BW 1 MHz [ MHz
SNR™ 50 dBFs Target SNR =ADC SNR - Budget NoiseFloor -154 dBc/Hz
SINAD* 50.0 dBFs Fpfd 6144 MHz | MHz
ENOB* 3.0 NorminBand -233 dBc/Hz (**) See note below
(*) PLL automatically selecetd from jitter table, just an initial recommendation
Tjmax 100 | fs | |Tﬂta{jrtterTja+Tjdk (**) Flicker not considered in analysis, noise assumed flat up to BW
Note: Values in bold are calculated!
Max PLL PN and Jitter vs Fin Simplified PLL Noise Mask
450 -40 -100
:gg — ek 1o ~~
300 —Phrms = — = == | 5— ———————————
E 250 0 & E 20 \
= 200 2 = -130 PNMask q
£ 150 705 o N[ p——
SED) -80 & 150 \ NoiseFloor
-50 -90 160 | 1 1 ! ! |
1 15 2 25 3 3.5 4 0.001 001 o1 1 10 100 1000
Fin [GHz] Offset [MHz]
Figure 2-1. Jitter vs Fin Requirements
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2. Forthe ADC in example 2.1, determine SNR and ENOB if the PLL jitter is 100 fs.

Solution: similarly to the previous example, use to calculate the SNR of the ADC. The total jitter, including
50 fs of aperture jitter is now 94 fs, which corresponds to an SNR of 51.6 dBFs, and ENOB of 8.3 bit, see
Figure 2-2. The plot shows the same parameters as a function of clock jitter.

Jitter to SNR Calculator

PLL
Device Parameters Notes Device Parameters Notes
Parttf LMX2594 Custom PLL inputs __|Select from list or input values Part # ADC12DJ5200 Custom ADC Inputs  |Select from list or input values
Fo 5 GHz Will be set by ADC # of bit 12
Fpfd 61.44 MHz MHz Gsps 5 GHz GHz
NorminBand -236 dBc/Hz dBc/Hz VFs 0.8 Vpp Vpp
NosieFloor -160 dBc/Hz dBc/Hz Back-off 1 dB dB
Loop BW 1 MHz MHz SNR 53 dBFs dBFs
THD 80 dBFs dBFs
Fmin 10 kHz kHz  |Min integration limit SINAD 53.0 dBFs SNR+THD
Fmax 5 GHz GHz  |Max integration limit ENOB 8.5
PNrnminBand -60 dBc [Fmin, BW]
PNrmsFloor -63 dBc [BW, Fmax]
PNrmsSSB -58 dBc Single Side Band
PNrms -55 dBc Dual Side band Tj 75 fs Ta+Tjclk
@rms 1.7 mrad SNR* 511 dBFs
Tjclk 55 fs SINAD* 51.1 dBFs
Note: Boid is caleulnted value! ENOB* 8.2
SNRvsTj SNR vs Fin
70.0 10.0 700 100
=——3NR
65.0 T a5 65.0 - 95
—GNR —ENO
— 500 + 90 — 500 s T 90
Y &£
= —ENOB @ [} -]
2. s50 +85 2 2550 85 S
= o) = r— o
z z
“ 500 8.0 “ s00 8.0
a5.0 7.5 450 75
40.0 7.0 400 7.0
10 30 50 70 90 01 11 31
Ticlk [fs] Fin [GHz)

Figure 2-2. SNR and ENOB vs Clock Jitter
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3 Simulations and Filter Requirements

The previous two sections described how to calculate phase noise and jitter and the clock jitter impact to the
ADC performance, specifically SNR, SINAD, and ENOB. For low data rate ADC, generally speaking, PLL close
in noise is dominant, but for new generation Gsps ADC, with sampling frequency now well above 3 GHz, and
10 GHz in the DAC case, PLL noise floor (out of band noise) start becoming more and more important (due to
the high limit of integration bandwidth). To minimize the impact of the clock jitter to the ADC SNR, a filter can be
added after the PLL. If the signal level is degraded due to the loss of the filter, a low phase noise amplifier can
be added after the filter to restore the signal level driving into the ADC. Now try to evaluate the filter bandwidth
requirement by first setting up a simulation test bench as Figure 3-1 shows.

" ® |

LNA

{0

Bandpass
Filter

Figure 3-1. Simulation Setup

The phase noise profile of the LMX2594 PLL, as Figure 1-2 shows, is imported and used as the clock source.
This is followed by a programmable bandpass filter, and a low noise amplifier. Simulated integrated noise, jitter,
and SNR both at the filter and LNA output are shown in Figure 7. For comparison, the plots shows high and low
limits respectively due to the PLL with no bandpass filter and when an ultra-low noise signal source like R&S
SMA100A or B is used.

Figure 3-2 and Figure 3-3 show the simulation results.

52 8.00E-14
-53
7.00E-14

-54

-55 6.00E-14 /
g /
& 7 ‘-g 5.006-14
2 ——PN_PLL_RMS 8 S
g 8 / ——PN_BPF_RMS 8 ao00e14 // I8P
2 59 / PN_LNA_RMS 5 TI_PLL
= -60 / ——PN_SMA_A_RMS £ 300e12 / —TINA
2 6 / ——PN_SMA_B_RMS = ——Tj_SMA_A
g / 2.00E-14 ——Tj_SMA_B
E 62 /

-63 1.00e-14

-64

-65 0.00E+00

1.00E+05 100E+06 1.00E+07 1.00E+08 1.00E+09 1.00E+10 100E+05  LOOE+06  100E+07  1O00E+08  1.00E+09 1.00E+10

Frequency (Hz) Frequency (Hz)
Figure 3-2. Phase Noise vs Frequency Figure 3-3. Jitter vs Filter Bandwidth

For this analysis we assume a clocking frequency of 5 GHz, and aperture jitter of 50 fsec for the ADC as
discussed before. Because the impact of the clock jitter on the ADC is a function of frequency, we report the
SNR of ADC at 1-GHz and 4-GHz input frequency. The greater impact at higher input frequency (4 GHz) is clear,
with about 2-dB degradation when compared to the signal generator. Also note how the bandpass filter helps
improve the SNR, recovering the full 2-dB degradation when the BW is < 300 kHz. However, must point out that
this corresponds to a very selective filter, in line with a cavity filter available in the lab, not easily implemented

as discrete or SMT on the system board. It is worth noticing that even a more relaxed filter can still improve the
SNR more than 1 dB at higher input frequencies. This is very important in wide band or high IF systems.
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The plot in Figure 3-4 shows simulated SNR for signal generator, PLL(LMX2594) with no filter, PLL with SMT
filter and PLL with cavity filter. For the last two cases, s-parameters provided by vendor have been used in the
simulation.

The simulation clearly shows that the highly-selective filter reduces the impact of the PLL jitter to the level of the
signal generator typically used for the ADC characterization.

SNR vs Fin
56
.
555
S
55 -
S o

545 -~ —

_ - \\\ -
SNR_100A
- - S ~_ _
5, ~ < \\ = = SNR_PLL
»

Z 535 DS T
2 ~ \ SNR_BFCN4800

53 ~ -~ e SNR_LC

~ \\
~ SNR_LAB_FLTR
525 -~ B
~
52 ~
~
~
515
1 1.5 2 25 3 3.5 4

Fin [GHz]
Figure 3-4. Simulated SNR vs Frequency With Different Sources

Figure 3-4 shows the SNR improves from PLL only to SMA100 equivalent as the selectivity of the filter increases
from SMT (Mini-Circuit BFCN-4800) to cavity (lab filter).
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Measurement Setup

4 Measurement Setup
To test the theory and simulation results described in the previous section the next step is to do the

measurements.

The ADC12DJ5200RFEVM was used to perform the SNR measurement. Figure 4-1 shows the measurement
setup. The R&S SMA100A signal generator is used for clocking the ADC12DJ5200RF. The clocking was filtered
with a bandpass filter. The next set of measurements were performed with the same setup but the clocking
signal was not filtered with the bandpass filter.

Frequency
Locked Using
10-MHz
Reference

2897-MHz Input
Signal Gen.

Bandpass
Filter

Bandpass
Filter

5000-MHz Sampling
Clock Signal Gen.

250-MHz Ref
Signal Gen.

12-v DC
Power
Supply

PC Running
HSDCpro

eV

PC Running
ADC GUI

ADCYID xS0 EVI G

[

Figure 4-1. SMA100A Signal Generator Used for Clocking the ADC12DJ5200RF With the Bandpass Filter
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Figure 4-2 shows the setup where the LMX2594 synthesizer was used to clock the ADC12DJ5200RF. Similar
test procedures as described in the previous section were used where the measurements were done with and
without the bandpass filter after the LMX2594 device.

PC Running
HSDCpro

Bandpass
Filter

Frequency 2897-MHz Input

Locked Using Signal Gen.
10-MHz T L Bandpass
Reference e Filtsr

A F

5000-MHz
Sampling Clock

—‘ Signal Gen.

PC Running
ADC GUI

Ty ok b
ADC1Z01xx00RE £ GUI

250-MHz
Ref Signal P Cp—
Gen. 12-V DC
Power
Supply

Figure 4-2. LMX2594 Used for Clocking the ADC12DJ5200RF With the Bandpass Filter

For all the measurements, a 5-GHz clock signal was used. The ADC was configured in single channel mode
which uses both the rising and falling edge of the clock and the ADC was effectively sampling at 10 GSPS.

The different input frequencies (1 GHz, 3 GHz and 4 GHz) were used for the measurements. Since these
measurements are performed to show the effects of the phase noise of the clock signal, all the interleaving spurs
are excluded from the SNR calculations.

ADC12DJ5200 SNR vs Fin

wu
a

55.5 [ ——
[ ———
” \ =
54.5 \\
54 [ w—SMA_no_fltr
=
z
H e SMA_fltr
3535 [ e -
= \ e LM X_n0_fltr
v 53
\\ \ e LMIX_fltr
525
P Ty
52 \
51.5 M —
—]
51
1 15 2 25 3 35 4

Fin [GHz]

Figure 4-3. Measured SNR vs Fin With and Without Filter
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Table 4-1 shows the measured SNR versus Fin without using the bandpass filter at high input frequencies, the
LMX shows about a 1-dB worse SNR as compared the SMA100A. But when both the SMA100A and LMX2594
are filtered (bandpass filter) both of the clock sources have the same performance.

Table 4-1. Measured SNR vs Fin with SMA and LMX2594 with and without filter

Input Frequency SNR(dBFs)
IR SMA Unfiltered SMA Filtered LMX2594 Unfiltered LMX2594 Filtered
1 55.4 55.7 54.9 55.5
535 54.4 52.2 543
4 52.3 53.4 51.3 53.2
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