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 A B S T R A C T

The internal timing uncertainty of Analog-to-Digital Converters (ADCs), generally referred to as aperture 
jitter, is most commonly provided by manufacturers as a single quantitative value representing the total 
Root-Mean-Square (RMS) jitter. However, for narrow-band applications, only a certain portion of the phase 
noise corresponding to aperture jitter is relevant to the ADC acquisitions. In this work, a comprehensive 
experimental approach is proposed for characterizing aperture phase noise in the frequency domain. The 
utilized measurement setup is based on two nominally identical ADC channels performing acquisitions through 
a non-IQ sampling scheme, eventually allowing for the separate identification of correlated and uncorrelated 
phase noise. The impact of the input-stage additive noise is also examined and de-embedded within the 
proposed measurement procedure. The methodology is applied to characterize a commercial sample-and-hold 
ADC, separately identifying a white noise component of −147.71 dBc/Hz and a flicker noise component of 
−113.81 dBc/Hz. The measured jitter value integrated in the full Nyquist bandwidth is well aligned with the 
RMS aperture jitter reported by the manufacturer.
. Introduction

Timing uncertainty in Analog-To-Digital Converters (ADCs), com-
only referred to as jitter, is an important factor in determining the 
chievable performance in terms of Signal-to-Noise Ratio (SNR) [1,2]. 
hen measuring low frequency signals, the SNR degradation due to 
itter is typically less significant than other ADC noise components, 
uch as thermal and quantization noise [3]. However, at higher input 
requencies, e.g., hundreds of MHz and above, timing jitter becomes 
he primary limiting factor [3,4]. It is therefore important to un-
erstand its impact when developing systems leveraging sampling of 
igh-frequency signals.
The total jitter of an ADC consists of two components: the first is the 

itter injected externally from the provided clock signal, and the second 
s the internal jitter of the ADC itself. Several factors may contribute to 
he latter, including analog buffer jitter, clock driver jitter, and jitter 
rom the sample-and-hold switching circuit [5]. In practice, all these 
ontributions are typically described jointly and referred to as aperture 
itter. While the external clocking source can be carefully designed 
nd optimized in terms of phase noise, the aperture jitter is ultimately 
pecific to a given ADC. If a high-end, low-phase-noise clock generator 

∗ Corresponding author.
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is used, one can expect the integrated RMS jitter of the clock signal 
to be significantly lower than the aperture jitter, which is typically 
on the order of 100 fs in modern ADCs, potentially making aperture 
uncertainty the limiting factor in terms of performance.

Measuring aperture jitter is a challenging task, as the signals prop-
agating through the internal circuits of the ADC cannot be accessed 
directly. Therefore, aperture jitter must be characterized based on its 
effect on the sampled signal and then de-embedded from other noise 
sources. As will be discussed in Section 2.2, several methods have 
been proposed in the literature [6–10]. However, these measurement 
methods yield only a single value representing the total root-mean-
square (RMS) aperture jitter. This is also how aperture jitter is typically 
reported in the datasheet by ADC manufacturers.

In fact, a more complete and unambiguous representation of aper-
ture timing uncertainty can be obtained by evaluating the phase noise 
distribution in the frequency domain. In particular, a frequency-domain 
representation allows one to isolate the portion of phase noise rele-
vant to a given application and thereby precisely estimate the jitter 
requirements for a given system [11,12].
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One practical example concerns a telecommunications base station 
receiving a low-power, band-limited signal in the presence of a higher-
power in-band interferer. The ADC phase noise, consisting of both 
aperture and external clock components, gets convolved with the inter-
ferer signal, impacting the receiver’s ability to detect the desired signal. 
However, only the portion of phase noise falling within the band of the 
desired signal at the frequency offset of the interferer is relevant to the 
receiver specification [12,13].

Another example involves performing precise, continuous phase 
measurements in accelerator control systems, where an oscillating elec-
tromagnetic field is measured inside resonant structures. In this case, 
the ADC timing jitter directly determines the achievable phase stability 
of the electromagnetic field [4]. The noise bandwidth impacting the 
measurement generally extends from DC to a frequency determined by 
the bandwidth of the resonator and the feedback gain of the control 
system [14]. In a superconducting system, this upper frequency can 
be on the order of, e.g., 50 kHz [15]. One can expect a significant 
impact from close-in phase noise within such a bandwidth, while the 
vast majority of wide-band noise is filtered out by the feedback loop.

In such cases, a more appropriate approach is to integrate the 
phase noise in the frequency domain only over the frequency range of 
interest. Thanks to the commercial availability of instrumentation for 
frequency-domain phase-noise measurements of electrical signals, this 
same approach is commonly used to estimate the phase noise of an 
external clock signal. However, because internal aperture phase noise 
cannot be measured directly, a dedicated methodology is required for 
its characterization.

For this purpose, one possible solution is the two-ADC correlation 
measurement, which enables separation of internal ADC noise from ex-
ternal noise associated with the clock and input signals [16–18]. In this 
work, we build upon the two-ADC correlation approach to specifically 
characterize internal ADC aperture noise in the frequency domain by in-
troducing a novel experimental setup that exploits signal demodulation 
for direct phase-noise estimation. The proposed method aims to iden-
tify and eliminate systematic effects of the measurement setup, while 
requiring no specialized equipment and remaining straightforward to 
apply.

The procedure is validated through the characterization of aperture 
phase noise in a commercial sample-and-hold ADC, namely the Texas 
Instruments ADS5474, which supports direct sampling at frequencies 
up to 1.4 GHz. In principle, however, the proposed technique can be 
applied to any ADC.

The article is organized as follows. Section 2 introduces the relevant 
definitions and reviews existing methods for measuring aperture jitter. 
Section 3 describes the proposed novel methodology. Section 4 details 
the implemented experimental setup. Finally, Section 5 presents the 
measurement results and the aperture phase noise characterization. 
Conclusions are provided in Section 6.

2. Techniques for measuring aperture jitter

2.1. Definitions

In general, jitter is often not precisely defined and can be interpreted 
and measured in various ways, leading to different results [19]. Several 
classifications of jitter exist based on signal parameters, source models, 
or time scales. It is therefore important to define the quantities that are 
being discussed in this study.

As mentioned earlier, the most relevant type of jitter when dis-
cussing ADCs is the RMS jitter value, due to its quantifiable relation 
to ADC performance. RMS jitter and its relation to phase noise are 
generally defined in industry standards [20,21]. A non-ideal sinusoidal 
signal 𝑣(𝑡) is given in (1): 

𝑣(𝑡) = (𝐴 + 𝜖(𝑡)) sin(2𝜋𝑓 𝑡 + 𝜙(𝑡)), (1)
0 0

2 
where 𝐴0 is the nominal amplitude, 𝑓0 is the nominal frequency, 𝜖(𝑡)
is the instantaneous deviation from nominal amplitude (also called 
amplitude noise), and 𝜙(𝑡) is the instantaneous phase deviation (also 
called the phase noise signal), expressed in radians. In the time domain, 
one can define 𝑥(𝑡) as the jitter signal (also called the instantaneous 
time deviation), which is related to the phase noise signal 𝜙(𝑡) by: 

𝑥(𝑡) =
𝜙(𝑡)
2𝜋𝑓0

. (2)

In the frequency domain, phase noise is most commonly quantified 
as (𝑓 ), historically called the single-sideband phase noise-to-carrier 
ratio. It is often referred to as the phase noise spectrum (or simply phase 
noise), and is defined here as: 

(𝑓 ) =
𝑆𝜙(𝑓 )

2
, (3)

where 𝑆𝜙(𝑓 ) is the one-sided power spectral density (PSD) of 𝜙(𝑡), 
typically expressed on a logarithmic scale as 10 log10 (𝑓 ). While the 
dimensional unit of both 𝑆𝜙(𝑓 ) and (𝑓 ) is rad2∕Hz, the unit dBc/Hz is 
most commonly used for phase noise due to historical convention [21,
22], and will be adopted in this paper for consistency with the technical 
literature and commercial instrumentation.

Finally, RMS phase noise 𝜙RMS, expressed in radians, is defined as: 

𝜙RMS =

√

2∫

𝑓2

𝑓1
(𝑓 ) 𝑑𝑓 =

√

∫

𝑓2

𝑓1
𝑆𝜙(𝑓 ) 𝑑𝑓 , (4)

where 𝑓1 and 𝑓2 define the frequency range of interest. The RMS phase 
noise can then be converted into RMS jitter 𝑋RMS, expressed in seconds, 
using: 

𝑋RMS =
𝜙RMS
2𝜋𝑓0

. (5)

In the context of ADCs, one can also classify jitter and phase noise 
depending on their origin. The total jitter 𝑋T, affecting the analog-to-
digital conversion of a sinusoidal signal at frequency 𝑓0 and sampled 
at frequency 𝑓CLK is given by: 

𝑋T = 𝑋CLK +𝑋ADC, (6)

where 𝑋CLK is the jitter of the clock signal and 𝑋ADC is the internal 
jitter of the ADC. The total phase noise 𝜙T, clock phase noise 𝜙CLK , 
and internal ADC phase noise 𝜙ADC may be defined and related to jitter 
through the following relationships: 

𝑋T =
𝜙T
2𝜋𝑓0

, (7)

𝑋CLK =
𝜙CLK

2𝜋𝑓CLK
, (8)

𝑋ADC =
𝜙ADC
2𝜋𝑓0

, (9)

𝜙T =
𝑓0

𝑓CLK
𝜙CLK + 𝜙ADC. (10)

By adopting the ADC noise model given in [18], one can further 
subdivide the internal ADC phase noise into two components. The 
first component is the aperture phase noise 𝜙ap, corresponding to the 
aperture jitter 𝑋ap; the second component is the additive noise of the 
input stage 𝑛, which can be decomposed into its amplitude component 
𝑛𝛼 and its phase component 𝑛𝜙. The phase noise 𝜙𝑛 induced on the 
converted signal is then given by 𝜙𝑛 = (1∕𝐴0)𝑛𝜙, where 𝐴0 is the 
amplitude of the sampled signal. The total internal ADC phase noise 
𝜙ADC can then be expressed as: 

𝜙ADC = 𝜙ap + 𝜙𝑛 = 𝜙ap +
1
𝐴

𝑛𝜙. (11)

0
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2.2. Available measurement methods

Typically, methods of measuring aperture jitter 𝑋ap aim to produce 
an estimate of its RMS value 𝑋ap,RMS by leveraging its relationship with 
the noise present in the signal when sampled by the ADC. The IEEE 
Standard 1241 [6] proposes a method based on coupling a delayed 
version of the ADC clock signal to the analog input. The apparent 
random noise is first measured with the clock signal on the analog 
input, and then with the analog input terminated. The RMS aperture 
jitter 𝑋ap,RMS is then estimated by 

𝑋ap,RMS =

√

𝜎2𝐴 − 𝜎2𝐵
𝑆𝑅

, (12)

where 𝜎2𝐴 is the noise variance measured with the clock signal on the 
analog input, 𝜎2𝐵 is the noise variance with the terminated analog input, 
and 𝑆𝑅 is the effective slew rate of the input signal at the sampling 
instant.

A similar approach is the locked-histogram method [7], which 
revolves around a coherent sampling scheme, where an input sine 
wave frequency 𝑓0 is chosen as an integer multiple of the sampling 
frequency 𝑓CLK , leading to an apparent DC voltage readout resulting 
from sampling each period at the same phase. The theoretical RMS 
voltage error 𝜎𝑉  caused by jitter depends on the slew rate of the input 
signal through the following equation: 
𝜎𝑉 = 𝜎𝑇𝑆𝑅, (13)

where 𝜎𝑇  is the standard deviation of the Gaussian distribution of sam-
pling periods, and 𝑆𝑅 is the slew rate of the input signal. Measurements 
of the sinusoidal input signal at different phase offsets lead to different 
slew rates of the signal. The results of such measurements are then 
fitted to (13) to yield the 𝜎𝑇  value. To extract the RMS aperture jitter 
𝑋ap,RMS from 𝜎𝑇 , the clock jitter 𝑋CLK,RMS is independently measured 
and subtracted as follows: 
𝑋ap,RMS =

√

𝜎2𝑇 −𝑋2
CLK,RMS. (14)

A simpler method, described in [8,9], is based on the measurement 
of the signal-to-noise ratio of the ADC at different frequencies of the 
input sinusoidal signal. The results are then fitted to the following 
relationship: 
𝑆𝑁𝑅𝑗𝑖𝑡 = −20 log10 (2𝜋𝑓0𝑋T,RMS), (15)

where 𝑓0 is the input signal frequency and 𝑋T,RMS is the RMS total 
timing jitter. The aperture jitter is then extracted from the total jitter 
by subtracting the pre-characterized clock jitter value as in (14).

It is important to note that all methods for measuring aperture jitter 
are to be ideally performed with an input signal amplitude close to the 
ADC full scale and at the highest possible frequency to maximize the 
slew rate. In this way, the noise component due to jitter is magnified 
relative to other noise sources.

In addition, all the methods discussed above produce an estimate of 
the RMS aperture jitter that generally depends on the observation time 
of the measurement. Indeed, aperture phase noise typically consists 
of both a white-noise component and a flicker-noise component [23], 
the latter occurring at low frequency offsets (typically in the kHz 
range [24]). For a device with significant flicker noise, a meaning-
ful portion of the phase-noise power spectrum contributing to the 
total RMS jitter may not be captured if the observation time, is not 
sufficiently long [3].

3. Proposed methodology

3.1. Measurement setup

The block diagram of the proposed setup, which targets measuring 
the phase noise across two identical channels with identical input and 
3 
Fig. 1. Block diagram of the measurement setup.

Fig. 2. Block diagram of the digital processing algorithm for calculating the 
uncorrelated ADC phase noise in the frequency domain.

clock signals, is shown in Fig.  1. Such a configuration aims at distin-
guishing the correlated phase noise coming from the input and clock 
signals from the uncorrelated internal phase noise of the ADC [16–18].

The setup includes two ADC channels, a reference RF signal gen-
erator, and a clock synthesizer. The reference RF signal is fed into 
both the two ADC channel inputs as well as into the clock synthesizer. 
The synthesizer generates a clock signal synchronized to the reference, 
which is then evenly split between the clock inputs of the two ADC 
channels. The frequency of the clock signal plays an important role in 
the setup, as it enables the non-IQ sampling scheme [25,26], which 
is used here to derive phase waveforms from the sampled data (see 
Section 3.2). Once the phase waveforms are obtained, Fourier analysis 
is performed to evaluate the noise in the frequency domain.

3.2. Data processing

In order to measure uncorrelated phase noise in both channels, 
several data processing steps must be performed, as outlined in the 
block diagram in Fig.  2. These steps can be implemented either in real 
time using firmware or as offline post-processing in software.

The procedure requires two synchronized data records obtained 
from the two ADC channels. Any relative shift between the captured 
waveforms would deteriorate the correlation of the phase noise orig-
inating from the input and clock signals in both channels and must 
therefore be avoided. To extract the corresponding in-phase (𝐼) and 
quadrature (𝑄) components of the signals from both ADCs, non-IQ 
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demodulation is independently applied to each data stream, as defined 
by the following equations [4,25]: 

𝐼 = 2
𝑁

𝑁−1
∑

𝑖=0
𝑥𝑖 sin(𝑖 ⋅ 𝛥𝜙), (16)

𝑄 = 2
𝑁

𝑁−1
∑

𝑖=0
𝑥𝑖 cos(𝑖 ⋅ 𝛥𝜙), (17)

𝛥𝜙 = 𝑀
𝑁

2𝜋, (18)

where 𝑥𝑖 are real ADC samples, 𝛥𝜙 is the phase difference between 
consecutive samples, and 𝑁 , 𝑀 are arbitrary integers that define the 
following relationship: 

𝑓x =
𝑀
𝑁

𝑓CLK , (19)

where 𝑓CLK is the sampling frequency and 𝑓𝑥 is the frequency of the 
measured signal (or its aliased version in the case of under-sampling).

This demodulation algorithm effectively performs a Digital Down-
Conversion (DDC) together with an 𝑁-tap moving average, which also 
acts as a low-pass filter with cutoff frequency 𝑓𝑐 = 𝑓CLK

2𝑁 . It provides the 
least-squares solution for estimating the in-phase (I) and quadrature (Q) 
components of the signal from 𝑁 samples, with a phase difference of 
𝛥𝜙.

In general, any implementation of DDC that enables estimation 
of the instantaneous phase from the I and Q components is viable. 
However, the moving-average filtering inherent to the non-IQ sampling 
scheme used here has the advantage of introducing zeros at all har-
monics of the target input signal frequency, except at multiples of 𝑁 , 
thereby reducing the impact of ADC nonlinearity [27].

The 𝐼 and 𝑄 components of the complex signals 𝐼+𝑗𝑄 are converted 
into instantaneous phase waveforms in their respective channels by 
means of the two-argument arctangent function. Since the phase of the 
input signal envelope to both ADCs is kept constant, any fluctuations in 
the phase waveforms represent phase noise, either correlated (common-
mode), due to the clock and input signals, or uncorrelated (differential), 
due to the internal circuits of the ADCs. To isolate the uncorrelated 
portion, the difference between the two time-domain phase noise wave-
forms is computed. The resulting differential phase noise signal is then 
analyzed in the frequency domain using an FFT-based PSD estimate.

Averaging can be applied to reduce the variance of the PSD esti-
mate. A common approach is Bartlett’s method [28], where the ac-
quired time-domain record is partitioned into 𝑅 equal, non-overlapping 
subrecords, from which individual PSDs are computed. These 𝑅 PSDs 
are then averaged to obtain the final estimate. Increasing 𝑅 short-
ens each subrecord, yielding PSDs based on fewer samples and thus 
reducing variance at the expense of lower frequency resolution.

For the measurements presented in this work, the averaging proce-
dure was repeated six times using segmentation factors 𝑅 = {4, 32, 256,
1024, 2048, 4096}. This produced six PSD estimates with different av-
eraging factors. From each estimate, a single frequency decade was 
retained: the first from 𝑅 = 4, the second from 𝑅 = 32, and so forth. 
The six retained segments, each corresponding to a distinct averaging 
factor, were then concatenated in frequency to form the final PSD 
estimate used for evaluation. In this way, the lowest-frequency segment 
was averaged the least to preserve resolution, while higher-frequency 
segments were averaged more heavily to reduce variance, as illustrated 
in Fig.  3.

According to the definitions in Section 2.1, the resulting PSD esti-
mate of phase noise must be divided by two, yielding the value of (𝑓 ). 
Furthermore, under the assumption that the phase-noise distributions 
in both channels share the same statistical properties — as is expected 
for identical ADCs — the uncorrelated phase-noise power doubles when 
the channels are subtracted from one another. Therefore, another divi-
sion by two is applied, resulting in the measurement of the uncorrelated 
phase noise  (𝑓 ) in a single ADC channel.
0

4 
Fig. 3. Resulting averaged phase noise by using the Barlett’s method with 
averaging factors 𝑅 = {4, 32, 256, 1024, 2048, 4096}.

The uncorrelated phase noise measured with this setup results from 
a combination of aperture jitter and the phase-noise contribution of the 
input stage, as described by (11). To separate these contributions, the 
input noise 𝑛 can be independently measured with the analog input of 
the ADC terminated. The phase-noise impact 𝜙𝑛 is then obtained by 
adding the measured noise waveform to an ideal sinusoidal signal of 
given amplitude and frequency, and subsequently deriving the phase 
noise via demodulation, as discussed previously. This procedure is 
illustrated in Section 5.2.

The upper frequency limit for this phase noise measurement method-
ology is generally determined by the Nyquist frequency, i.e., 

𝑓high =
𝑓CLK
2

. (20)

However, as mentioned previously, the non-IQ demodulation intro-
duces a moving average low-pass filter with a cutoff frequency of 
𝑓𝑐 = 𝑓CLK

2𝑁 . If the full upper frequency range is of interest, the impact 
of the filter on the phase noise spectrum must be compensated for by 
dividing by the filter’s transfer function. On the other hand, the lower 
frequency limit corresponds to the lowest-frequency bin of the FFT, 
which is related to the sampling rate 𝑓CLK by 

𝑓𝑙𝑜𝑤 =
𝑓CLK
𝐿

, (21)

𝐿 being the record length.
When Bartlett’s method-based averaging is implemented, 𝐿 corre-

sponds to the record length of the individual time-domain segments 
used to calculate the lowest frequency-domain segment of the final 
PSD estimate. Since the goal of the measurement is to observe flicker 
noise in the ADC’s aperture, it is generally desirable to minimize the 
lowest-frequency FFT bin. Therefore, the record length should be made 
sufficiently large to reach the desired lower-frequency limit. In cases 
where the record length is constrained by memory size, decimation may 
be applied to reduce the effective sampling frequency, thereby lowering 
the lower-frequency limit at the cost of a corresponding reduction in the 
upper Nyquist limit.

4. Experimental setup

4.1. Setup implementation

In our experimental setup, a benchtop RF source (Rohde&Schwarz 
SMA100B) is used to generate the reference signal at 𝑓0 = 1.3 GHz. Two 
different clock synthesizers were employed to evaluate the performance 
of the method with respect to the quality of the clock source. The first is 
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Fig. 4. Photo of the measurement setup implementing the block diagram in 
Fig.  1.

a phase-locked loop (PLL) circuit with an integrated voltage-controlled 
oscillator (VCO) (Texas Instruments LMX2582), while the second is a 
custom-designed direct analog synthesizer (DAS) board optimized for 
minimal phase noise.

Both the input signals and the clock signals are evenly split between 
the two ADCs using passive, wideband power splitters (Mini-Circuits 
ZFRSC-42-S+). The ADCs are housed on custom-designed boards in the 
FPGA Mezzanine Card (FMC) form factor. The design of these boards 
follows the guidelines from the manufacturer’s evaluation board, with 
the exception of the active buffering circuits for the ADC input and 
clock, which are replaced with passive circuits in this case. This ap-
proach makes it possible to isolate the noise of the ADC from other 
potential noise sources introduced by buffering circuits. Finally, a 
Xilinx ZC-702 board is used as the carrier board for the FMCs, enabling 
data acquisition and processing. To maximize symmetry between the 
two ADC channels, all connections are kept reasonably short and of 
equal length. A photo of the setup is shown in Fig.  4.

Using a reference signal at 𝑓0 = 1.3 GHz, a sampling frequency 
of 𝑓CLK = 379.166 MHz was chosen to satisfy the requirements in 
Section 3.2 under a non-IQ sampling scheme, wherein the frequency of 
the input signal is aliased in the first Nyquist zone to 𝑓𝑥 = 162.5 MHz, 
resulting in 𝑀 = 3 and 𝑁 = 7, as from (19). The employed system 
features 512 MB of RAM available for the two ADC channels, allowing 
the acquisition of up to 226 32-bit complex samples per channel. This 
leads to a base frequency range of the measurement of 𝑓𝑙𝑜𝑤 = 5.65 Hz
to 𝑓ℎ𝑖𝑔ℎ = 189.58 MHz.

Notably, phase noise typically reaches the thermal noise floor at 
frequency offsets below 20 MHz for this type of hardware. Therefore, 
analyzing phase noise beyond such frequencies may not be particularly 
5 
Fig. 5. Pre-characterization of the phase noise for the three clock sources used 
in the experimental procedures.

meaningful. Considering this, and after implementing a suitable anti-
aliasing filter, the effective sampling rate in (21) was reduced by dec-
imating the time-domain data stream by a factor of 4. Then, Bartlett’s 
method-based averaging is implemented with successive frequency-
domain segments averaged from 4, 32, 256, 1024, 2048, 4096 time-
domain segments respectively. The lowest frequency-domain segment 
of the PSD is therefore calculated from 𝐿 = 224 samples. This ar-
rangement leads to a maintained 𝑓𝑙𝑜𝑤 = 5.65 Hz and reduced 𝑓ℎ𝑖𝑔ℎ =
47.39 MHz but with improved variance in the measurement.

4.2. Pre-characterization of clock signals

While pre-characterization of the clock signal is not required to 
identify the uncorrelated portion of noise in ADCs, it allows us to 
validate the proposed phase noise measurement methodology across 
different clock signals and examine their impact on the results.

Three different clock signals are used in three separate measure-
ments. For the first two, the commercial PLL circuit is utilized to 
synthesize two different phase noise profiles by adjusting the charge 
pump current, leading to different loop bandwidths. These two phase 
noise profiles are referred to as the optimized and unoptimized PLL 
clocks. The third clock source comes from the DAS board, which utilizes 
frequency dividers, filters and a mixer in order to synthesize a low-
phase-noise clock signal. In all three cases, the aforementioned 𝑓𝑐𝑙𝑘 =
379.166 MHz frequency is synthesized.

All three clock signals were pre-characterized using a commer-
cial state-of-the-art direct down-conversion phase noise analyzer with 
cross-correlation (Rohde&Schwarz FSWP [29]), which implements si-
multaneous down-conversion and measurement across two channels. 
In such devices, the internal clocking and local oscillator (LO) signals 
of both channels are derived from separate references, allowing noise 
of those references to be rejected through cross-correlation, resulting in 
measurement of the input signal noise only.

Fig.  5 shows the pre-characterized phase noise spectra for the differ-
ent clock signals. For the PLLs, a large spurious component is present 
at around 14.6 kHz, most likely due to internal fractional frequency 
division, as well as a 50 Hz component originating from the power 
supply. Conversely, in the case of the DAS, no spurious components are 
identified. Moreover, the 50 Hz component appears to be suppressed 
due to the use of an additional on-board low drop-out (LDO) regulator. 
It should be noted that the presence of spurious components on the 
clock signal is not expected to impact the characterization of aperture 
phase noise, as they are rejected by the differential nature of the 
measurement procedure. This point is explored further in Section 5.1. 
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Fig. 6. Phase noise spectra measured in the case of the direct analog synthesis 
clock.

Fig. 7. Phase noise spectra measured in the case of the optimized PLL clock.

Integrating the measured phase noise in the range from 10 Hz to 
10 MHz yields RMS jitter values of 20.9 fs, 103.6 fs, and 277.4 fs for 
the DAS, optimized PLL, and non-optimized PLL clocks, respectively.

5. Experimental validation

5.1. Verification of phase noise measurements

The methodology described in Section 3 was experimentally imple-
mented for the three different clock signals. The uncorrelated phase 
noise was measured according to the procedure in Section 3.2. In 
addition, the total phase noise of each individual channel was derived 
by applying the same methodology to the phase noise waveforms from 
the respective channels, rather than to their difference. The cross-
correlation of the phase noise waveforms between the two channels 
was also computed and averaged with the Bartlett’s method, resulting 
in an estimate of the correlated phase noise.

The resulting phase noise spectra for the DAS, optimized PLL, and 
non-optimized PLL clocks are shown in Figs.  6, 7, and 8, respectively. 
Each figure also includes the corresponding pre-characterized clock 
signal from Section 4.2, with its phase noise appropriately scaled in 
frequency.

In all three cases, the correlated phase noise closely matches the 
pre-characterized clock phase noise, validating the proposed phase 
noise measurement methodology. In the case of the PLL clocks, several 
6 
Fig. 8. Phase noise spectra measured in the case of the non-optimized PLL 
clock.

Fig. 9. Uncorrelated phase noise measured using different clock signals.

additional spurious components attributable to the clock signal are 
revealed at high offset frequencies, beyond the pre-characterization 
frequency range. In general, the contribution from the clock dominates 
the total phase noise at low frequency offsets, while the uncorrelated 
noise becomes significant at higher offsets, e.g., at 1 MHz.

Notably, the phase noise signatures of the PLL-based clocks feed 
through to the uncorrelated noise, as seen at 50 Hz and around 
14.6 kHz. This is most likely due to imperfect common-mode rejection 
caused by differences between the two channels, indicating a possible 
limitation of the methodology when measuring two separate ADC 
integrated circuits (ICs), as done in this case. Better rejection could 
be expected when using a two-channel ADC integrated within a single 
IC. Due to these limitations, it is generally preferable to perform this 
characterization using a clock source with the lowest possible phase 
noise. For this reason, the DAS clock source is used in the subsequent 
measurements.

Apart from these spurious components, the overall shape of the 
uncorrelated phase noise is similar in all cases, as shown in Fig.  9, 
thereby validating the proposed measurement procedure. As expected, 
the uncorrelated ADC phase noise appears to consist of a distinct 1∕𝑓
flicker noise component, as well as a wide-band white noise component.

5.2. De-embedding input noise from the uncorrelated phase noise

The measurement of uncorrelated phase noise using the DAS clock 
source was repeated for several different input signal amplitude levels. 
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Fig. 10. Uncorrelated phase noise measured for different input signal power 
levels.

Fig. 11. Input stage noise voltage of the ADC measured with the analog input 
terminated.

The chosen levels, relative to the ADC full scale, correspond to −1 dBFS, 
−2 dBFS, −3 dBFS, and −6 dBFS, respectively. Fig.  10 shows the result-
ing plots. While the flicker noise component appears to be insensitive 
to amplitude changes, the white noise component exhibits a non-linear 
dependence on the amplitude of the input signal.

As discussed in Section 2.1, the internal ADC phase noise 𝜙ADC, 
identified here as uncorrelated phase noise consists of a constant aper-
ture phase noise component as well as phase noise portion of the input 
stage noise, which is dependent on the input signal amplitude, as per 
Eq.  (11).

By characterizing the noise of the input stage of the ADC under 
study and adding it to an ideal sinusoidal signal at the considered 
amplitudes and frequency, one can de-embed its effect from the un-
correlated phase noise spectra shown in Fig.  10, thereby isolating the 
phase noise due to aperture uncertainty only.

The input stage noise 𝑛 was experimentally obtained using the same 
setup described in Section 3, except with the analog input ports of the 
ADCs terminated and the numerical demodulation procedure skipped. 
The difference between the noise voltages from the two ADC channels 
was then calculated and subsequently divided by two. The PSD of the 
extracted noise voltage is shown in Fig.  11.

After adding the measured voltage noise waveform to ideal sinu-
soidal signals at a frequency of 𝑓𝑖𝑛 = 1.3 GHz, under-sampled at 
𝑓 = 379.166 MHz, and processing them as described in Section 3.2, 
𝑐𝑙𝑘
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Table 1
White phase noise of the input stage induced for 
different input amplitudes.
 Input signal amplitude Mean phase noise 
 −1 dBFS −155.5 dBc/Hz  
 −2 dBFS −154.5 dBc/Hz  
 −3 dBFS −153.5 dBc/Hz  
 −6 dBFS −150.5 dBc/Hz  

Fig. 12. Impact of input-stage noise alone on the phase noise of sampled 
sinusoidal signals at different amplitudes.

Fig. 13. Aperture phase noise measured for different input signal power levels 
after compensating for the input noise.

one obtains the uncorrelated phase noise spectra of 𝜙𝑛 for different 
amplitudes (see Fig.  12), where only the noise due to the input stage is 
observed. Once the demodulation process is completed, the input-stage 
noise results in a white phase noise spectrum, with the mean values 
reported in Table  1.

By subtracting the phase noise obtained in Fig.  12 from the un-
correlated noise in Fig.  10, one gets the pure contribution due to 
aperture uncertainty, as shown in Fig.  13. As expected from Eq.  (11), 
the obtained phase noise profiles of 𝜙ap result to be independent from 
the input signal amplitude.

5.3. Modeling the aperture phase noise profile

Once the impact of input noise is de-embedded from the uncor-
related phase noise measurement, the resulting aperture phase noise 
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Fig. 14. Measured and modeled aperture phase noise profile as obtained from 
the proposed evaluation procedure for the ADC under test, including the 
extrapolation up to 𝑓𝑚𝑎𝑥

𝑐𝑙𝑘 ∕2 = 200 MHz.

across the characterized frequency range from 𝑓𝑙𝑜𝑤 = 5.65 Hz to 𝑓ℎ𝑖𝑔ℎ =
47.39 MHz, as defined in Section 4.1, is obtained (see Fig.  13). If it 
is necessary to extend the characterization to the full Nyquist band of 
the ADC, the moving average filter associated with the demodulation 
algorithm must be compensated for by dividing the measured spectrum 
by the transfer function of the filter.

The resulting flat portion of noise can then be extrapolated up to 
half the maximum sampling frequency 𝑓𝑚𝑎𝑥

𝑐𝑙𝑘  of the ADC (𝑓𝑚𝑎𝑥
𝑐𝑙𝑘 ∕2 =

200 MHz in the case of the ADS5474 ADC under test). The overall phase 
noise profile can then be fitted to the theoretical power-law model of 
phase noise, as given by [30]: 

𝑆𝜙(𝑓 ) =
0
∑

𝑘=𝐾
𝑏𝑘𝑓

𝑘, (22)

where 𝑏𝑘 are coefficients, 𝑓 is the frequency, and 𝐾 = −1 in the case of 
aperture phase noise, corresponding to a sum of flicker noise and white 
noise components.

The final aperture phase noise plot, modeled using (22) and extrap-
olated over the range from 5.65 Hz to 𝑓𝑚𝑎𝑥

𝑐𝑙𝑘 ∕2 = 200 MHz, is shown in 
Fig.  14. The flicker phase noise component is 𝑏−1 = −113.81 dBc/Hz, 
and the white phase noise component is 𝑏0 = −147.71 dBc/Hz. The 
integration of the measured phase noise in the full 5.65 Hz to 200 MHz 
range results in an RMS timing jitter of 100.98 fs, which is well 
aligned with the value of 103 fs provided by the manufacturer in the 
datasheet [31].

The full noise profile in Fig.  14 enables quantification of the RMS 
timing jitter across different frequency ranges. The resulting values 
are reported in Table  2. For the ADC under test, the vast majority 
of the aperture jitter contribution arises from wide-band white noise, 
while only a small fraction is located close to the carrier. This indicates 
that, in narrow-band applications such as those described in Section 1, 
aperture jitter has a very minor impact. Indeed, most of the jitter 
contribution lies out of band and can be mitigated with appropriate 
additional filtering.

6. Conclusion

A measurement setup and corresponding experimental methodol-
ogy were presented for the evaluation of the ADC aperture phase 
noise of in the frequency domain. The setup, which leverages a non-
IQ demodulation scheme to measure the instantaneous phase of the 
signal, requires two identical ADC channels, an RF generator, and an 
additional synthesizer for the clock signal.
8 
Table 2
Measurement of aperture jitter integrated in dif-
ferent frequency ranges.
 Frequency range Integrated jitter 
 10 Hz–1 kHz 0.8 fs  
 1 kHz–100 kHz 2.3 fs  
 100 kHz–10 MHz 22.5 fs  
 10 MHz–100 MHz 67.7 fs  
 10 Hz–200 MHz 100.9 fs  

By measuring the differential signal between the channels, the 
method allows the de-embedding of external phase noise sources (mostly
due to the clock signal). Furthermore, the internal ADC phase noise 
due to the input stage is examined and compensated for, eventually 
enabling to evaluate the separate contribution due to aperture phase 
noise in the frequency domain.

The employed setup and digital signal processing are relatively 
straightforward to implement, especially considering that digital de-
modulation can be equivalently performed in offline post-processing. 
Although not addressed in this article, the methodology should, in 
principle, allow for the examination of amplitude noise by considering 
the absolute value of the demodulated complex signal instead of its 
argument.

Using the proposed technique, a commercial sample-and-hold ADC 
(ADS5474) was evaluated, and the phase noise corresponding to the 
ADC aperture jitter was extracted in the frequency domain. By enabling 
integration of the aperture phase noise only across the target bandwidth 
of a given application, the proposed method provides a tailored esti-
mate of the impact of aperture jitter, which is particularly useful in the 
case of narrow-band signal acquisition.
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