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Improvements on electronic technology in recent years have allowed t
techniques in phase noise metrology where low noise and high accurac
flexibility in systems implementation and setup. This results in i
extended capabilities, additional functionalities and ease of use. dn mo
Analog to Digital Converters (ADCs) set the ultimate perfor an?%f the
the proper selection of this component is a critical issue. Cur

able in literature describes in depth the ADC features only at“freq
carrier. However, the performance close to the carrier is
consequence, the ADC noise is in general analyzed on.the 1
setup. We propose a noise model for ADCs and a
method retrieves the Phase Modulation and Ampligud

aﬁj%\of digital

re required, yielding

stem, therefore
t1y, the. information avail-

ncy offsets far from the
portant concern. As a
lemented phase measurement
thod-to estimate its parameters. The

odulation noise by sampling around

more 4

zero and maximum amplitude, a test sine-wave synchgonoug with the ADC clock. The model

allows discriminating the ADC noise sources

I. INTRODUCTION

New methods for the phase and am
surement of oscillators have been propo
years, based on digital systems! 8. Some Te
just obvious: reconfiguration flexibility and compact-
ness of digital hardware. C:‘Z“% more subtle.
The traditional method baséd on twg mixers and cross

spectrumg’12 requires two“gscillators at the same fre-
quency of the oscillatc?rﬁder st, y/hile in a fully digi-
tal implementation arbitrawy frequencies are synthesized
numerically with a r tgbn\\cneeding any practical use

'Q%merica y controlled oscillator).
e traditional scheme suffers from

Another reason i
artifacts and
any, have still n
systems. .

sechnological advances on Analog
ters (ADCs), in terms of resolution
te, has allowed the implementation of

e noise metrology as ideal Software De-
DR) states'®, sampling the signal of inter-
irdughe a high-speed ADC and processing the data
7, reducing at minimum the analog components.
However, the progress in digital measurement of ampli-
tude and phase noise has been rather slow for a num-
ber of reasons. First, the availability of converters with
sufficient resolution and speed, i.e., converters with fea-
tures such as 14 - 16 bits and sampling rates higher than
100 Mega Samples per second (MSps), is rather recent.
Second, the skill for digital hardware design and for Ra-
dio Frequency (RF) engineering, oscillators, spectral pu-

The increasing
to Digitals Co

d obta
noise power spectral densities from 10 Hz tdione

proach reduces data processing, allowing ndgﬂﬁ\
complexity and computational cost. %

ing the phase noise and amplitude
If off the sampling frequency. This ap-

ent C evaluation in terms of hardware

rity, etc., are seldom found in the same team. Third,
the measurement of amplitude and phase spectra rely on
some generally undocumented features of the converters.

This article focuses on a model of the ADC, specific
for the measurement of oscillators, and on a method to
extract the parameters. We work on a Red Pitaya board
because this platform is suitable to our tests with an ac-
ceptable experimental complexity. Resolution and speed
(14 bit, 125 MSps) are reasonably close to the state of
the art of ADCs (16 bit, 350 MSps or 14 bit, 1 GSps),
and it is potentially sufficient for the implementation of a
complete instrument. Of course, similar test with cutting
edge converters will follow.

Different techniques have been developed for charac-
terizing ADC. While the histogram approach has been
widely used for measuring static errors'®'7, one group'®
proposed a method for estimating the voltage error gen-
erated by the aperture jitter plus the internal additive
noise through the locked histogram technique, perform-
ing synchronous sampling. The distribution function of
the noise, assumed normal, was obtained by modifying
the mean of the input sine-wave by adjusting an offset as
finely as one least significant bit (LSB) of the ADC under
test, being a suitable approach for ADCs of low/medium
resolution (maximum 10 bits). Other work!? proposed
a model for the jitter of ADCs and a method based on
SNR analysis in order to evaluate and discriminate the
effects of the jitter components on the ADC performance,
thereby giving a guideline to compensate for such effects
in future high-speed ADC designs. A characterization
technique based on the use of a Graychip and down-
conversion was performed! for evaluating the viability
and strategies of the direct-digital technique implemen-
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2Pl for phase noise measurements. Characterization
ot high resolution, low speed ADCs (>20 bit, <5 MHz)

Publightmg., performed?® using a Programmable Joseph-

son Volitage Standard. Recent results of high-speed ADC
noise characterization were obtained through a full dig-
ital approach based on common noise cancellation and
digital down-conversion?!. The power spectra density of
ADC phase noise is estimated after proper filtering and
decimation stages.

In view of the fast advances in technology for obtaining
high speed and high resolution ADCs and in the frame
of evaluating ADCs for phase/amplitude noise metrol-
ogy applications, this work proposes a computational
low cost method for ADC noise characterization using a
commercial system setup. We present a model for ADC
noise and measurement for determining their components
through Phase Modulation (PM) and Amplitude Modu-
lation (AM) analysis, tracking the relevant information
by synchronous sampling. The results of the charac-
terization will provide information about the limit for
phase/amplitude noise metrology allowing punctual con-
sideration in measurement techniques design.

Il.  ADC NOISE MODEL
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G.1. a-))l\qDC noise modeling. The parameters of the model

represent the four noise sources involved in an acquisition
esdwinput stage circuit, aperture jitter, voltage reference

C
and ‘quantization. b) Discrimination between common noise
nd single channel noise sources in dual converters.

The model proposed in this work aims to discrimi Nte\\

erated in the signal bandwidth 1t4is always present,
even without carrier informagi Insteéad, parametric
ear- rgcess caused by

non linearities present in ¢ its due to con-
tamination in semicor%;tors
lated by action of a carfieryg

phase modulation o

sign

oodh:)ng focuses on four main noise
in FIG. 1(a): input stage, aper-
and quantization.

noise generated by the input
ts: additive and parametric. For
here, this noise source is assumed
the additive noise n(t). This as-

to be

t of the input stage noise is expressed as

=)+ n(t).

ling instant kT, is caused by time fluctuations
in the sample and hold?*2°. These time fluctuations
generate a parametric noise whose effects over the sam-
pled signal are described by v; = v'(kTs + xj), where
xi = x(kT).

At this point, the sample v} is converted into a digi-
tal value, as described in (1), where m is the resolution
of the ADC, V, is the voltage reference and ng, is the

quantization noise.

m

ﬁk:vgv + g (1)

The voltage reference is considered as a non-ideal
source, V. = V. (1 4+ r(t)), represented by the nominal
value V,, and the relative noise r(¢). This noise source
is presented as a parametric noise whose features depend
on the voltage reference typology2S.

The quantization noise ny, well described currently in
literature?”, generates white phase noise spread along the
Nyquist bandwidth (ﬁ) For high resolution ADCs, like
the one studied here, the effective number of bits (ENOB)
is significantly lower than the nominal value, therefore
the effect of this noise source can be neglected, at first
order, with respect to the other noise contributions and
for this reason it is not included in the model proposed.

Considering m and V,,, constant values and in analogy
with operational amplifiers, it is convenient to refer the
noise at the input by dividing the output by % Then,
the ADC output referred at the input can be expressed
as @k = ﬁk%

Under the assumption of r << 1, the ADC output
is described by (2), where n; = n(kTs), xx = x(kTy)
and 1 = r(kTs) are discrete-time random processes ob-
tained from sampling the corresponding continuous-time
random process at t = kT5.

O = (g +v(kTs +x1)) (1 — 1) (2)

Now that the ADC output is stated in terms of the
noise sources we can analyze their effects using a proper
input for discriminating their contributions. Follow-
ing (2), the contribution of x; propagates to the ADC
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‘ s h t (lepending on the slew rate of the input signal,
the impact of 7 depends on the input signal level.

“wnile

Publig Nt in the case of v(t) = 0, the contribution of
the aperture jitter and the voltage reference noise are
negligible, therefore the ADC output corresponds to the
additive noise of the input stage.

Then, assuming v(t) = Vocos(2mpt) as input signal of

the ADC, case of interest for time and frequency appli-
cations, we can rewrite (2) as

Ok = (ng + Vo cos(2mvg (kTs + xx))) (1 — rg) (3)

Considering ny, x; and r; independent processes, the
total amplitude and phase noise generated by the ADC
can be expressed as the sum of the different amplitude
and phase fluctuations induced by each noise source, re-
spectively. The additive noise of the input stage ng
generates amplitude and phase noise on the signal con-
verted. In order to better discriminate its effects, this
noise source is decomposed in its in-phase and quadra-
ture components, n, and n, respectively. Under low
noise conditions??, |n,/Vo| < 1 and |n,/Vo| < 1, the
normalized amplitude noise generated by ny is expressed

on the analog to digital conversion given by yx =
The maximum voltage variations induced by this
source occur at the samples of highest slew rat
close to the zero-crossings and are described by
Moreover, it is worth to remark that the salaples ofimax-
imum amplitude are not influenced by thi
tribution at the first order. Instead,

maximum voltage error Vory th
amplitude samples of the input
wf and the total

ADC amplitude noise oy, degeribedin (4), where ¢y,
is in radians and ay izdél—dl nsiﬁﬁal, being the nor-
a

malized amplitude flu W

Spe}ral density (PSD) and polynomial
eaningful tools for noise description
e to the straightforward identification of

DC phase noise in rad?/Hz and the PSD of the
iplitude noise in 1/Hz are described in (5), where
the integer N < 0 depends on the device.

0 0
Ses(H) =D by, 7 Sas(f)=D hef (5)
j=N j=N

The difference between the analog bandwidth B and
the sampling frequency fs; in a digital circuit gener-

ates aliasing on the white noise region of the sam-
pled signal spectrum?®. Hence, the voltage noise spec-
trum of the sampled signal can be represented as

_1
Ss(f) = %ho—&- ‘ZNhjfj [V2/Hz]. For the case of
=

the aperture jitter, aliasing is generated in the white
noise region of the spectrum, caused by the fact that
these fluctuations are sampled at the sampling clock
(fs)- Thus, the sp?lum of x; can be expressed as

Ses(f) = flﬁ + 3 jKiHZ}, where J is the root
° N

mean square (r ime fluctuation of the aperture jitter

and kg = 2 J2, sJectrums of ng, , na, [V2/Hz] and

ugh the polynomial law are de-

- j=N
G 0
) Su) = S b V¥
as a,,, = (1/Vh)ne while the induced phase noise is give \ o j=N
by on, = (1/Vo)n. \ 0 ,
The aperture jitter xj results in pure phase modulati Srs(f) = Z h., f7

WK J=N
ise

[1/Hz]

Hence, from (4), the spectrums of the phase and am-
plitude noise of the ADC are

Senlf) = Vlogs%,s(f) At () ()
Sa,S(f) = Vlozsna,s(f) + Sr,s(f)

In this manner, from (7) the contribution of each noise
source for each different noise process could be identified
having a complete description of the device limitations.

I1l. METHOD FOR ADC NOISE CHARACTERIZATION

As second part of this work, we propose a method for
determining the ADC noise components stated in the
model. The method is based on data acquisitions under
three different measurement conditions that allow char-
acterizing the three main noise process of the model: in-
put stage, aperture jitter and voltage reference. In the
first condition, the input of the ADC is connected to
ground through a 50 2 resistor. In this case, the contri-
bution of x(¢) and r(t) are negligible, since the slew rate
and the level of the signal are zero. Therefore, the volt-
age noise on the data acquired is totally related to the
additive noise of input stage. The other two measure-
ments are made by sampling synchronously two points
of the cosine-wave at the input: the zero-crossings and
the peak values.

Considering that the voltage noise of the zero-crossings
is directly related to phase fluctuations (PM), the mea-
surement of these variations will result in the estimation
of the phase noise generated by n,(t) and x(t). On the
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hand, the voltage noise on the peak values is repre-
sentative of the amplitude fluctuations (AM), therefore

PUbI|§1 IJA& surement of the variation of these samples from

period to period will yield the amplitude noise added by
n(t) and r(t). Hence, the total ADC noise can be esti-
mated through these measures as described in (8), where
Ss,, and S5 o are the PSD of the voltage noise of the
signal sampled at zero-crossings and at the peak values,
respectively.

1
Soll) = S0 ©
0
1
Soc,s(f) = 75{),&
V02

It is important to notice that with a single channel
configuration, the noise obtained is also influenced by the
noise contributions of the sampling clock and the input
signal generator. Since the objective of this work is to
characterize the ADC for phase noise metrology which,
in general, is based on differential techniques, we pro-
pose a configuration with two independent channels as
depicted in FIG. 1(b). The common noise contributions
such as the one coming from the input signal generator,

In consequence, the noise estimated is the contribution

M Down-

ADC Dual >
o(t) Ha i
Sampling

Channel j—p]

flk
FM input @f;lk f; = ﬁ
| DAC

Pl
Controller

Channel 1|~

FIG. 2. The scheme proposed allows sampling synchronously
one sample per period in @rder to measure, through its varia-
tions, the ADC noise Egz‘c on the output, as amplitude and
1

phase fluctuations. T lementation is based on a dual
ADC and through ifferenee of the two outputs the com-
mon noise is canceled obfaining only the corresponding noise
contribution of gnnel.

_125Mhz TN S =========7
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|
M } 15 31» N | Ram I 1
C2145 J DEC+LPF Data averaging
¥, =0.9v(D\u Tqu I l"' Ranni BInahon IR ssea) | FFT

100,.. Spectrum
input ' |
clk (f
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|

Analysis
| | pACNxp
14010125

per

)

Channel 1

latform. The data processing is performed offline using ap-

|
the sampling clock and the voltage reference are cancel \L" fTTT T T T T T T T T
by subtracting the data obtained f; the t h Is.
Y SUDLTActing L1 cata oblained fom Le two © ann&j\ 1G#3. Block diagram of method implemented in Red Pitaya

the two ADC channels. Since the channels are a:
to be uncorrelated, the noise of a single channel is f
the total noise. }1
The scheme of the synchronous samplinggsystem, thate
is in charge of acquiring the zeros-crossings
of the cosine-wave, is shown in FIG.
of operation consists in aligning the i

signal generator through a
phase information. The in
a Voltage Controlled Oscilla
nal generated to acquir?}
or PM characterization. op is closed and the
controller forces thedcquis the zero-crossings (PM
characterization),, 1 'sﬁssible to sample input signals
multiple of the lock by means of sub-sampling.
To extend the mgasufements at lower frequencies (v sub-
multiple of fuz) daté rate is down-sampled. There-
fore, the nglﬁing

input freq
acterization,

ThePSD of the ADC noise is estimated in a bandwidth
equal tovthe Nyquist frequency. The corresponding infor-
mation at low frequencies is obtained through six stages
of decimation in order to acquire data down to 10 Hz
or less according to the sampling frequency. Blocks of
16384 data per channel are post-processed offline using
MATLAB.

FIG. 3 depicts a simplified block diagram of the
method implemented in the Red Pitaya platform?®. The

b
IrEd\p;oximately 2 x 10° samples per each ADC channel.

later is an open source embedded system, that includes
a dual-channel 14 bit ADC at 125 MSps LTC2145 from
Linear Technology, a dual-channel 14 bit DAC at 125
MSps DAC1401D125 from NXP Semiconductors and a
Zynq 7010 System On Chip (SoC) from Xilinx. The in-
put stage of Red Pitaya was modified by bypassing the
amplifier and the low pass filter with a 1:1 RF trans-
former, allowing the acquisition of sine-wave signals up
to 500 MHz in order to increase the input bandwidth and
to expose the jitter effect. In this regard, the sampling
and hold has a bandwidth of 750 MHz.

IV. RESULTS

All the results presented in common mode are already
scaled by -3 dB in order to analyze the noise of one ADC
channel.

A. Additive Noise Input Stage

FIG. 4 shows the power spectral density of
the voltage noise obtained by connecting the two
ADC inputs to ground through a 50 € resistor,
(v(t) =0V, fs =125 MHz). As described in section II,
this noise corresponds to the voltage error induced by
the input stage. It presents an additive white noise of
-154 dBV?/Hz and an additive flicker of -107 dBV?/Hz
at 1 Hz. The quantization noise floor for the ADC un-
der these conditions (14 bits and 2 V full scale) is -167
dBV2/Hz?". The difference between this value and the
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I:: ated white noise floor is 13 dB, in agreement with
‘tlle effective number of bits (ENOB) stated in the ADC
I@h&ﬁ&g‘ t (11.8).

ADC LTC2145 Noise Characterization

-100 T T
—Input Stage Noise, 0 Hz
—ADC Quantization Noise

-110

-120

-130

140

-154 dBV?/Hz
-150

Power Spectral Density [dBVZ/Hz]

-160 -

S, =-167 dBV?/Hz
vq

170 ‘ z ‘ I i
10° 102 10* 10° 108
Frequency [Hz]

FIG. 4. Power spectral density of ADC LTC2145 input stage
noise. The measurement was performed connecting the input
to ground through a 50 €2 resistor.

B. PM Measurements

formed acquiring the zero-crossings of the in
The voltage noise generated in these samples is
by the additive noise of the input stage an thetaper-
ture jitter multiplied by the slew rate, a desc%sql 7).
These two contributions can be discri w yving
the amplitude and the frequency (i.e. thesglewssate) of
the input signal: for low slew rate, the additive noise
dominates, while at high slew rate, t neasure is repre-
sentative of the aperture jittep.
FIG. 5(a) shows the ADCghase noi ,p) estimated
at different input frequenei aufl 0.9,V of peak ampli-
tude. It can be obserV(gilat under Iﬁese conditions the
phase noise is independent“ef the carrier frequency; the
white noise floor di es bétween each curve are due
to aliasing caused the down sampling performed in
order to take omly onessample per period. They corre-
©-type, phase noise caused by random
inputdstage circuit?®, where the vari-
to the ratio between the analog
(for the case of the ADC LTC2145 is 750
hase noise bandwidth (actual Nyquist
according to the input frequency). On
the flicker phase noise is constant for all
encies being the signature of pure p-type
, because it is not affected by aliasing. FIG. 5(b)
showsithe comparison between the additive noise of the
input stage (measured with no signal at the input) and
the zero-crossings noise induced by acquiring a sine-wave
input with a frequency of 125 MHz and an amplitude
of 0.9 V. These two noise spectrums are approximately
equal. It suggests that the phase noise is dominated by
the additive noise of the input stage and that this noise

source is independent of the operation point. This is ver-
ified later on with the AM measurements. Furthermore,

ADC LTC2145 - PM Measurements

-100
. 15.625MHz
N "105h  =-107 dBV —31.25MHz ||
ESS _110_‘ —62.5MHz
S —125MHz
3'_3 -115 -
>-120}
2
$-1251
[a)
— -130 1
g I
©-135¢ ;
g ML s
wn -140 R, !l
= Ml ) -145 dBV?/Hz
21451 -, Nk
& 150 \
155 -
10° ) 10* 10° 108
Frequency [Hz]
(a) Po spectral density of ADC phase noise.

145 Noise Characterization

£ poct
4 —Input Stage Noise, OHz

1 k:-l BV? —PM:Input Stage Noise + Aperture Jitter, 125MHz| |

-154 dBV?/Hz

10° 102 10* 10° 108
Frequency [Hz]

(b) Input stage noise and aperture jitter comparison.

FIG. 5. a) The contributions of the input stage noise plus
aperture jitter are shown. The measurements were taken
at different carrier frequencies. The white phase noise level
changes due to the aliasing introduced by the down sampling
realized in order to take one sample per period at each car-
rier frequency. b) The phase noise introduced by the ADC is
dominated by the additive noise of the input stage which is
independent of the carrier frequency.

it confirms the assumption that, in this case, the para-
metric noise of the input stage is negligible with respect
to the additive noise.

In order to expose the aperture jitter, the frequency
input was increased, augmenting the slew rate. FIG. 6
shows the comparison between the PSD of the phase
noise estimated at three different carrier frequencies: 125
MHz, 250 MHz and 500 MHz. The contribution of the
aperture jitter can be appreciated from 250 MHz, espe-
cially in the flicker region, and it is more evident at 500
MHz. For frequencies higher than the sampling clock, the
phase noise bandwidth remains at the maximum value
(M equal 1 for these cases), therefore the white phase
noise floor reaches the minimum value. From these re-
sults we notice that the voltage noise induced by the
aperture jitter starts to emerge at vy = 250 MHz. The
contribution of the aperture jitter can be estimated by
subtracting the additive noise from the measures done at
vo = 250 MHz and at vy = 500 MHz (FIG. 7). The ADC
aperture jitter presents a white phase-time noise of -350
dBs?/Hz for vy = 500 MHz, decreasing proportionally
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—Input Stage Noise, OHz
—h_,=-106.5 dBV? —PM, 125MHz g

h_,=-107 dBV?
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-115
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-140
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Power Spectral Density [dB

10* 10° 108
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FIG. 6. Power spectral density of voltage noise induced in
ADC conversion by phase and time fluctuations. The acqui-
sitions were performed with vy from 125 MHz to 500 MHz.
The contribution of aperture jitter emerges at vp = 250 MHz.

ADC LTC2145 - Aperture Jitter - Phase-time noise

N
©
)

QL.

From the results, reported in the precedent figures, the
ADC LT(C2145 has an ultimate phase noise floor of -153
dBrad?/Hz (white) and -106 dBrad?/Hz @ 1 Hz given
by the additive noise of the input stage under maximum
sampling frequency and full input voltage range. This
noise floor agrees with the results presented in?!.

ADC LTC2145 - Phase Noise

—PM, ‘SOOMHZ, Vo=A
—PM, 500MHz, V=A/2|4
—PM, 500MHz, V=A/4
—PM, 500MHz, V,=A/8

-100 75

:
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90 ¥ ' b, =-135 dBrad?/Hz
/ " b, =-135 dBradjffiz
# x
/ bs_]“'n ra\

Power Spectral Density [dBradlez]

g&& sitivity of ADC phase noise to input amplitude.

C. AM measurements

According to the model, the amplitude noise of the
ADC is the superposition of the amplitude noise gener-

— k_1=-298 dBs? —Aperture Jitter, 250 MHz

T 300, — Aperture Jitter, 500 MHz|
=

@ -310+

A

% -320

z

G 330

o}

© 3401 \
©

i
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S350 atidlln b \
o

9 360 E

g k,=-347 dBs?/Hz

3 -370 il et .

o 0—-350 Bs“/Hz \

-380

‘ ‘ L 4
10° 102 10* 10° 10
Frequency [Hz]

FIG. 7. Power spectral density of ADC apemr. The
aperture jitter is revealed from vy = 250 MHzThis result

was obtained by subtracting the i age noise from the
;. The obtained
aperture jitter is differential and not because of the
common noise cancellation. ? > ji rms (J) is around

25 fsyms related to the silicen, ‘egnSistents with the datasheet
information providing thf solut

of 100 fSyms.-

s toh white noise of -338 dBs?/Hz. The
e d)fe to the common noise rejec-
idual aperture jitter for a single
ionally, the aperture jitter exhibits a
se of -298 dBs?/Hz at 1 Hz (y/k_1 =
constant with respect to the frequency, signature

-tyvpe hoise?8.

revieus results were obtained from the analysis

similar analysis is performed in FIG. 8, but changing the
input amplitude instead of the input frequency. FIG. 8
shows the total ADC phase noise (S, ;) at vy = 500 MHz
when the aperture jitter is starting to emerge. It is seen
that the total ADC phase noise is strongly dominated by
the additive noise of the input stage, even if the aper-
ture jitter is revealed. Moreover, it increases proportion-
ally to 1/ViZ, as expected according to the model (7).

ated by the input stage and the voltage reference noise.
Since the maximum voltage error induced by these noise
contributions is generated at the points of maximum am-
plitude, they can be detected by sampling the peaks of
the sine-wave. In order to guarantee the acquisition of
these points, an input sine-wave of 31.25 MHz was used,
i.e., quarter of the sampling clock (M=4).

FIG. 9 shows the comparison between the PSD of the
voltage error estimated under the three measurement
conditions: with no signal at the input (S3), at zero-
crossings (S3,,) and at peak values (Sj o). The results
in common mode, depicted in FIG. 9(a), suggest that the
ADC amplitude noise is also dominated by the additive
noise of the input stage. However, in order to confirm
that the AM and PM measurements were done at the
proper operation point, FIG. 9(b) shows the PSD of the
voltage noise before the common noise rejection, i.e., in
single channel. It can be noticed that the contributions
of the PI and the feedback loop bandwidth (39 kHz) are
evidenced in zero-crossings (PM), while at the peak val-
ues (AM) and with no input signal they are negligible.
Instead of that, harmonic contributions at 4.6 kHz are ob-
served which might be caused by the signal generator and
that are also rejected in common mode. These results
confirm the capability of the method for discriminating
the operation point (zero-crossings or peak values).

FIG. 10 depicts the comparison between the ampli-
tude noise estimated using two different synthesizers for
generating the 31.25 MHz input sine-wave, the Agilent
E8257D and the Hewlett Packard 8640B. From the dif-
ferential mode results (FIG. 10(b)), it is seen that the
harmonic contributions around 4.6 kHz were caused by
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As can be seen, the voltage reference noise is lower than
the voltage error generated by amplitude fluctuations in
the input stage. The residual voltage reference noise of
each channel after the common noise rejection is expected
to be even lower and it seems not being a limiting factor
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FIG. 10. ADC AM noise comparison using two signal gen-
erators. The amplitude noise generated by the ADC was es-
timated at the maximum amplitude points of the sine-wave
input signal where the effects of this noise is higher.
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FIG. 11. Voltage Reference noise and its effect in single chan-
nel. It is seen that the amplitude noise generated by the
input stage circuit is higher than this noise contribution and
its effect is rejected in common mode.

for the ADC amplitude noise.

Additionally, an analysis for assessing the properties of
the ADC amplitude noise (S, ) was performed, similar
to the one reported for ADC phase noise. A first series of
spectra were obtained by changing the input amplitude,
from A (0.9 V) to A/8 (112.5 mV). From FIG. 12(a) it is
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D. terpretation of the ADC noise spectra

TABLE I reports the set of polynomial law coefficients
that describes the ADC LTC2145 noise according to the
model stated in (7) and based on the characterization
results. These features can be compared with the per-
formance of a generic analog mixer which has a flicker
phase noise around -140 dBrad?/Hz at 1 Hz3!.

However, since this work aims to extract the ADC in-

=

formation which allows predicting ADC noise effects on
phase/amplitude noise metrology, more general parame-
ters are required. Referring to the study of phase noise
and jitter in digital electronics®® and according to the
model proposed here, TABLE II reports the main general
ADC LTC2145 noise parameters obtained from the re-
sults shown in TABLE 1. Once these parameters are ob-
tained (hoB,h_1,J, k_1), since they are generic values for
this particular ADC, they can be used for re-estimating
the ADC phase noisz?é ectra and calculating the corre-
sponding power law “coefficients (bs,,bs_,) for an input
or instance if the noise of

06 dBrad?. The aperture jitter

will not li measurement having a phase noise given
by by, = — Brad?/Hz and b, , = —142 dBrad®. In
general, 10 commercial low noise crystal oscillators

exhibit phase goise floors below -110 dBc/Hz @1 Hz and
Hz v&ﬁte noise far from the carrier?, therefore

chniques ADC noise rejection should be applied in
order fo:!he instrument not to limit the oscillator phase
oise urement. Based on the ADC characterization,

\ eJec ion level can be determined.
4\

CONCLUSIONS

The main noise sources of a high resolution, two-
channel ADC are exposed through a low computational
cost method by acquiring synchronously two operation
points of a sine-wave input signal: zero-crossings and
peak values. From the measurements in single channel
and in common mode, we have verified the proper dis-
crimination of each operation point and the lack of corre-
lation of the two ADC channels. According to their anal-
ysis, we conclude that the phase and amplitude noise are
limited by the additive noise generated in the input stage
which impacts similarly in these two ADC noise compo-
nents (phase and amplitude). The voltage reference does
not degrade the ADC acquisition even at maximum in-
put voltage range. Albeit the aperture jitter does not
have a high impact on the ADC phase noise in common
mode, we could verify its properties and behavior. From
these results we can claim that the ADC phase noise ef-
fects are lower at high sampling frequency and high input
amplitude.

The technique for ADC noise characterization pro-
posed here provides estimated amplitude and phase noise
floors at frequency offsets close (down to 10 Hz) and far
to the carrier (up to Nyquist frequency) which allows di-
rect analysis for phase and amplitude noise metrology. It
can be replicated for characterizing any high resolution
ADC. The requirements are two-channel ADC, one DAC
and a digital PI. For the nature of the digital processing
the computational resources needed are not high: RAM
blocks of 16 kB per channel and digital clock system at
the maximum of the ADC sampling clock were used in
the setup presented.

This work presents a differential ADC noise model,
rejecting the common noise contributions. Alternatively,


http://dx.doi.org/10.1063/1.4984948

| This manuscript was accepted by Rev. Sci.Instrum. Click here to see the version of record.

AllP

TABLE I. ADC Noise Model Polynomial Law Coefficients.

PUbIIShm eSource W hiteNoise Flicker Noise@Ql1H z
rnaselN oise
Se,s(f) m 72Sne.s(f) bs, = —153 dBrad®/Hz bs_, = —106 dBrad?
’ Vo = 125 MHz, Vo = 0.9V Vo = 125 MHz, Vo = 0.9V
Sv.s(f) ko = —350 dBs”/Hz k_; = —298 dBs”
vo = 500 MHz vo = 500 MHz
AmplitudeN oise y

Sa,s(f) = Viozsnaﬁ(f)

he, — — 14848,z
vo = 31.25 MHz,Vo =09 V

[ h. , = —107dB
"o = 31.25 MHz, Vo = 0.9 V

Se(f)

h,, = —156 dB/Hz
vo = 31.25 MHz

TABLE II. ADC noise parameters.

Parameter Square Root Value
ADC LTC2145
Common Mode
hoB = % VhoB = 159 jiVyms
h_1 =bs_, Vi Vhoy =45 pV
P =kl J=25fSms
k_ 1P Vko1=13fs .
@by, = 87‘,2;2%2
b bx_; = 47r21/gk_1

for changing the slew rate and for obtainingyaniabsolute
or complete ADC noise model.

cy and high in-
¢ nojge could limit phase

able for implementations a
put amplitude. Albeit t

noise measurements of 4o
ADC noise properti
niques for ADC n
noise metrology.

resolution ADCs of different archi-

ies, and the assessment of two-

channel ARCs not)em edded in the same chip where
ejection is expected to be lower.

A LEDGMENTS

This 'work has been funded by the EMRP program
(IND55 Mclocks). The EMRP is jointly funded by the
EMRP participating countries within EURAMET and
the European Union. This work was partly supported
by the ANR Programme d’Investissement d’Avenir (PIA)
under the Oscillator IMP project and the First-TF net-
work, and by grants from the Région Bourgogne Franche
Comté intended to support the PTA.

O ~_ h_, —-16dB
Y
H

vo = 31.25 MHz
REFERE ES‘)\
_—

J. ove, J. #ein] P. Schweiger J. Retta, W. Solbrig, and
S.R. in. Direct-digital phase-noise measurement. In Proc.
2 International Ultrasonics, Ferroelectrics and Fre-

;" Montral, Canada, 2004.
2M. U£}_1'i_ o and K. Mochizuki. Frequency stability measuring
hnique using digital signal processing. Electronics and Com-
munications in Japan, 87(1):21-33, 2004.
SL.B. Ruppalt, D.R. McKinstry, K.C. Lauritzen, A.K. Wu, S.A.
illips, and S.H. Talisa. Simultaneous digital measurement of

( 004 I
quency_aontrol Joint 50th Anniversary Conference, pages 287—

\phase and amplitude noise. In Proc. Frequency Control Sympo-

stum (FCS), 2010 IEEE International, pages 97-102, Newport
Beach, CA, USA, 2010.

4K. Gheen. Pulsed phase noise measurements. application note
R&S FSWP. http://www.rohde-schwarz.com/appnote/1EF94,
May 2016.

5M. Kazda, V. Gerginov, N. Huntemann, B. Lipphardt, and
S. Weyers. Phase Analysis for Frequency Standards in the Mi-
crowave and Optical Domains. IEEE Transactions on Ultrason-
ics, Ferroelectrics, and Frequency Control, 63(7):970-974, July
2016.

6K. Mochizuki, M. Uchino, and T. Morikawa. Frequency-stability
measurement system using high-speed adcs and digital signal
processing. IEEE Trans. Instrumentation and Measurement,
56(5):1887-1893, Oct. 2007.

7C. W. Nelson and D. A. Howe. A sub-sampling digital pm/am
noise measurement system. In Proc. Frequency Control Sym-
posium (FCS), 2012 IEEFE International, Baltimore, MD, USA,
May 2012.

8J.A. Sherman and R. Jordens. Oscillator metrology with software
defined radio. Review of Scientific Instruments, 87, May 2016.
Rev. Sci. Instrum. 87, 054711 (2016); doi: 10.1063/1.4950898.

9F.L. Walls, S.R. Stein, J.E. Gray, and D.J. Glaze. Design con-
siderations in state-of-the-art signal processing and phase noise
measurement systems. In Proc. 30th Annual Symposium on Fre-
quency Control., Atlantic City, NJ, USA, June 1976. IEEE.

1OW.F. Walls. Cross-correlation phase noise measurements. In
Proc. 46th Frequency Control Symposium., Hershey, PA, USA,
May 1992. IEEE.

1]J. Li, E. Ferre-Pikal, C. Nelson, and F.L. Walls. Review of
pm and am noise measurement systems. In Proc. Interna-
tional Conference on Microwave and Millimeter Wave Technol-
ogy. ICMMT ’98., Beijing, China, Aug. 1998. IEEE.

12E. Rubiola and F. Vernotte. The cross-spectrum experimental
method. arXiv:1003.0113v1 [physics.ins-det], Feb. 2010.

13C.W. Nelson, A. Hati, and D.A. Howe. Phase inversion
and collapse of the cross-spectral function. arXiv:1307.6605v1
[physics.ins-det], Jul. 2013.

14y . Gruson, V. Giordano, U.L. Rohde, A.K. Poddar, and E. Ru-
biola. Cross-Spectrum PM Noise Measurement, Thermal En-
ergy, and Metamaterial Filters. IEEE Transactions on Ultrason-
ics, Ferroelectrics, and Frequency Control, 64(3):634-642, March
2017.


http://dx.doi.org/10.1063/1.4984948

10

| This manuscript was accepted by Rev. Sci.Instrum. Click here to see the version of record. |

¢ s IjE Witola III. Software Radio Architecture: Object-Oriented Ap-
roaches to Wireless Systems Engineering. John Wiley & Sons,
Publishin flew York, NY, USA, 2000.

161 RIsy. Histogram Measurement of ADC Nonlinearities Using
Sine Waves. IEEE Transactions on Instrumentation and Mea-
surement, 43(3):373-383, June 1994.

I7R.C. Martins and A.C. Serra. ADC characterization by using
the histogram test stimulated by Gaussian noise. Theory and
experimental results. Elsevier Measurement, 27:291-300, 2000.

18G. Chiorboli, M. Fontanili, and C. Morandi. A New Method
for Estimating the Aperture Uncertainty of A/D Converters.
IEEE Trans. Instrumentation and Measurement, 47(1):61-64,
Feb. 1998.

19M. Shinagawa, Y. Akazawa, and T. Wakimoto. Jitter Analysis
of High-speed Sampling Systems. IEEE Journal of Solid-State
Clircuits, 25(1):220-224, Feb. 1990.

20F. Overney, A. Rfenacht, J.-P. Braun, B. Jeanneret, and P.S.
Wright.  Characterization of Metrological Grade Analog-to-
Digital Converters Using a Programmable Josephson Voltage
Standard. IEEE Transactions on Instrumentation and Measure-
ment, 60(7):2172-2177, July 2011.

21P.-Y. Bourgeois, T. Imaike, G. Goavec-Merou, and E. Rubiola.
Noise in high-speed digital-to-analog converters. In Proc. Fre-
quency Control Symposium € the FEuropean Frequency and Time
Forum (FCS), 2015 Joint Conference of the IEEE International,
Denver, CO, USA, April 2015.

22E, Rubiola. Phase Noise and Frequency Stability in Oscillators.
Cambridge University Press, New York, NY, USA, 2009.

23 A. Konczakowska, B.M. Wilamowski, and J.D. Irwin. The Indu.
trial Electronics Handbook, Fundamentals of Industrial Election-

~

N

N
&

Ny

ics. CRC Press Taylor & Francis Group, Boca Raton, FL, USA,
2 edition, 2011. Chapter 11. Noise in Semiconductor Devices.

24B. Brannon and A. Barlow. Aperture Uncertainty and ADC
System Performance. Application Note AN-501, Analog Devices,
Norwood, MA, USA, 2006.

25M. Lohning and G. Fettweis. The effects of aperture jitter and
clock jitter in wideband ADCs. Computer Standards & Inter-
faces, (29):11-18, 2007.

26M. Oljaca and B. Baker. How the voltage reference affects ADC
performance, Part 2. Analog Applications Journal 3Q, Texas
Instruments, 2009.

27B. Widrow and I. Ko% Quantization Noise. Roundoff Error
in Digital Computation, wal Processing, Control, and Com-

dg}Univ sity Press, New York, NY, USA,

iola. Phase noise and jitter in digital

100094 [physics.ins-det], Dec. 2016.

tion and technical information.

munications. Camb;
2008.
28C.E. Calosso and

% ADC LTC2145 datasheet.
tion, Linear Technology Corporation,
‘¢om/docs/en/datasheet/21454314fa.pdf.
utorial on the double balanced mixer.
08211v1 [physics.ins-det], Aug. 2006.
iates Inc. Standard Specifications and Part Num-
:/ /www.wenzel.com/product/crystal-oscillators/oven-
1mhz-to-25mhz/.
B. Frangois, C.E. Calosso, J.M. Danet, and R. Boudot. A
phase noise microwave frequency synthesis for a high-
performance cesium vapor cell atomic clock. Review of Scientific
nstruments, 85:094709, 2014.

Techni-
2011.

rolle


http://dx.doi.org/10.1063/1.4984948

0(1)—

— — — — — —



http://dx.doi.org/10.1063/1.4984948

-

ADC CH1 =

S

sl |
Q-

-

(1) +n(1)

-

-'h



http://dx.doi.org/10.1063/1.4984948

o(t)

FM input

>

ADC Dual
Channel

\l/|\/| Down—I_
SamplingI

Q1o

Channel 1

_fclk
fS_M

Controller

FFT


http://dx.doi.org/10.1063/1.4984948

125MHz
VO —
M
V,=0.9V
BV Input

rx -“

T

= |

AR

ADC
o RAM
LTC2145 M bown.l | DEC+LPFIL, leasn
Dual e x1,10, 4
Channel 100,.. L™ ata I
148its |1 per
channel I
Clk (fs) |
125 MHz I
DAC NXP | I
1401D125 |« —
Controller
Channel 1 ZYNQ. |
Red Pitaya

Data averaging
FFT
Spectrum
Analysis



http://dx.doi.org/10.1063/1.4984948

—
-
-

I
ot
—
-

—
N
-

-140

er Spectral Density [dBVlez]
- s
) =& =

)

s

-170

ADC LTC/EL\S Nmse Characterlzatmn

\1
TN

h _-10? dBv"—'

Q)

o

Yo

x>

S

—Input Stage Noise, 0 Hz
—ADC Quantization Noise

154 dBV?2/Hz

—-167 dBV2/Hz
V(g

[k
-
-

10*
Frequency [Hz]

10°


http://dx.doi.org/10.1063/1.4984948

ADC L'[ 145 - PM Measurements

-100 y S
15.625MHz

~ “105[h  =-107 dBV? _\Q} —31.25MHz |
L (U —62.5MHz

S ik G, . il
o -110 % c

- Ny \:_) —125MHz

E 135 NG -
>-120 :
I

125+ i
g _

< 130 /@ :
D -135 A :
2 4

n -1 4\/ 2 -
- { -145 dBVZ/Hz
ééi\ 48|dBVZ/Hz

= \SD | _.;;:"- 3]

-155 |
10° 102 10* 10° 10°

Frequency [Hz]


http://dx.doi.org/10.1063/1.4984948

ADC LTC2~1\45 Nolse Characterlzatlon

-100 —
; _%anut Stage Nmse OHz

"~ 105 h ,=-107 dBV S’ M:Input Stage Noise + Aperture Jitter, 125MHz|"
2. % h
o -110 -, C&S :
= .

RN -
[T \\

>-120} N :
= _

C -125 | ‘\i\ :
: N

—-130| Q\ i
— £

[® -1357<\ i
a \

£ 4 3
-1 \

) _
3\5} -154 dBV?/Hz

A \q50 | 3

-155 il ' fhirtef ik it m i 2. ; o
10° 10° 10* i 10°

Frequency [Hz]


http://dx.doi.org/10.1063/1.4984948

ADC LTCZK1\45 Molse Characterlzatmn

”_ 2
4/h —IBEdBV 23'\\

ge—h _,=-106.5 d
"l""'-:--... h_ =-107 B\‘l

L3

*
| #I;"
L A
* & 8

L '
* ’ )
'l-*q-

] ]
(- (-
= O
o U

!
fed
—
un

|

i i i i
_ = =
L) L) M) M)
bh o U O
I
‘/\ ¢

er Spectral Density [dBVZIHz]

—Input Stage Noise, OHZ
—PM, 125MHz
—PM, 250MHz
—PM, 500MHz

/ y.
‘75\
~
-1 N\
> b
5\\} 154 dBV?/Hz
ol \50_
10° 107 104 10° 10°

Frequency [Hz]



http://dx.doi.org/10.1063/1.4984948

ADC LTC2145 - Aperture Jitter - Phase-time noise

k ,=-298 dBs? 3\\\ — Aperture Jitter, 250 MHz
. 6"‘ — Aperture Jitter, 500 MHz|+

w W W W N

) N et - o

o o o (-] o
[

er Spectral Density x [d Bslez]

k,=-347 dBs?/Hz
k,=-350 dBs?/Hz

10° 104 10% 10° 108

Frequency [Hz]



http://dx.doi.org/10.1063/1.4984948

_ADC [TC2145 - Phase Noise

-80 —

b, =-135 dBrad”/Hz \&
90(_ * b_ =-135 dBra ér;)i\
) iﬁ;ff’ T b gﬁ{éd

e, ¢ =-132.09 /Hz
o * | | g
Yy b (=135 dBrad®/Hz

-120 Q

—PM, IS{JUMHZ, VD=A

—PM, 500MHz, VD=N2 4
—PM, 500MHz, VD=A{4
—PM, 500MHz, VD=N8 =

-135 dBrad?/Hz |
b =-141 dBrad?/Hz
b_ =r147 dBrad?/Hz

b__=-153 dBrad?/Hz _

]

Frequency [Hz]

10° 10%


http://dx.doi.org/10.1063/1.4984948

-105 ———————o~
+,h ,=-107 dBV

I
 —
—

| ] |
= =
M M) e
L - i
I

er Spectral Density [dBVlez]

%

ADC LTC2145 Né«{(:haracterization - Fs=31.25 MHz

—Input Stage Noise, OHz
—PM,;:31.25MHz i
—AM, 31.25MHz

Frequency [Hz]


http://dx.doi.org/10.1063/1.4984948

—
O
-

I
=+
=
-

]
=
MJ
-

-130

er Spectral Density [dBVzin]
et
B

LN

)

p
/
J

-160

-
-
)

ADCLT

[~

45 - CH1 - Fs=31.25 MHz

—Input Stage Noise, OHz
—PM, 31.25MHz
—AM, 31.25MHz

39 kHz

139 dBV?/Hz

-148 dBV?/Hz

Frequency [Hz]



http://dx.doi.org/10.1063/1.4984948

ADC LTC2145 Noi/sQ Characterlzatmn Fs 31.25 MHz

-105 Ty
,mh '10? dBV 3\ —Input Stage anse, OHz
I &-\ —AM, 31.25MHz Agilent E8257D
_ &3 AM, 31.25MHz HP 8640B

] I I I
e e
M M = =
L - i -
I

-130 -

Vs

g
=
4

er Spectral Density [dBVz/Hz]

)
-
/\

-148 dBV*/Hz

oy
iﬁ~44h |

hl b Ty

e L‘l“ ;'..-.,, 'l‘_** l! H’h—.‘

—
'}

%

-155 R S SR R T Y il I e e S R D AN | Bl LTofdafd bl L L plelril
10° 10° 104 10° 10°

Frequency [Hz]


http://dx.doi.org/10.1063/1.4984948

ADC LT}:§1\45 - CH1 - Fs=31.25 MHz

—
O
-

%\\ — Input Stage Noise, OHz
4.6 kHz |—AM, 31.25MHz Agilent E8257D
AM, 31.25MHz HP 8640B

|
et
et
-

I
—
MJ
-

39 kHz

'L-,...“ o -139 dBVZ/Hz

-1461dBV?/Hz

-130

er Spectral Density [dBVZ/Hz]
e
B

:
C

U1
S

-148 dBV2/Hz

p
/
J

-160 e R 8 N 0 O v Y O SO v S S Y Y O S 1 1 M A IO (1

10° 108

=t
-
-
=
-
M
ot
-
f =Y

Frequency [Hz]


http://dx.doi.org/10.1063/1.4984948

—
-
-

ch LTC2145 - CH1

I
et
ft
-

I
*

I

.-

rJ

o
I

i
I~
4D

er Spectral Density [dBszHz]

P
T
S

M
&

-130 Q

—Input Stage Noise, 0 Hz

—ADC Voltage Reference

—AM, 31.25 MHz Agilent E8257D

139 dBV?2/Hz

-148 dBV/?/Hz

-160

—t
-
-

Frequency [HZz]


http://dx.doi.org/10.1063/1.4984948

y
_ADCLTE2145 - Amplitude Noise

hi =87 dB ¥ —AM, 31.25MHz V =A
.90 [t oo —AM, 31.25MHz V,=A/8|-

5 _
VYo h, =-129 dB/Hz

er Spectral Density [dB/Hz]

i

h5 =-147 dB/Hz

10° 107 104 10° 108

Frequency [Hz]



http://dx.doi.org/10.1063/1.4984948

-100

-110

-120

-130

er Spectral Density [dB/Hz]

)
C@/\-

Po
L.n/
oo

h
‘i, S

l
_ ADCLTC2145 - Amplitude Noise

=-106 dB

@
N

—-—

)

—AM, 31.25MHz

AM, 15.625MHz

h_ =-144 dB/Hz

Q

h5 =-147 dB/Hz
0
il

[k
-
-

Frequency [Hz]

10°


http://dx.doi.org/10.1063/1.4984948

	Article File
	1a
	1b
	2
	3
	4
	5a
	5b
	6
	7
	8
	9a
	9b
	10a
	10b
	11
	12a
	12b

