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Abstract— Time jitter is an important parameter for determining
the performance of digital systems. This paper reews how time
jitter impacts the performance of digital systems. For the
purposes of later discussions, digital systems at@oken down
into three major categories: synchronous data trarfer,
asynchronous data transfer, and digital sampling sstems. A
statistical framework is first developed for treating time jitter.
This framework explicitly deals with issues of bandidth and

noise processes witll/ " spectra. It is shown that various forms
of the standard variance of time jitter are convergnt in the

presence ofl/ f " noise, if one explicitly considers the properties
of the system phase response function for each tielse categories.
It is also shown that standard variances are prefeed over 2
difference variances in dealing with digital perfomance issues
such as bit errors, because standard variances cdre directly
related to the total time error (jitter plus skew). Detailed
discussions of how time jitter impacts the enumeraid categories
of digital systems are then presented. In synchroms data
transfer systems, it is shown that time jitter causs hard bit
errors, that only the white noise components of ctk oscillator
and gate noise make appreciable contributions to thtime jitter,
and that aliasing of this white noise is a major Bsue. In
asynchronous systems, it is shown that time jittecan also cause
soft errors or bit error rate degradation and that there is an
additional time jitter term due to relative master clock-local clock

oscillator jitter, whose value is determined byl1/f" oscillator
noise as well as the white noise. Finally, for digil sampling in
analog-to-digital and digital-to-analog convertersijt is shown that
noise power or multiplicative decorrelation noise gnerated by
sampling clock jitter is a major limitation on the bit resolution
(effective number of bits) of these devices.

. INTRODUCTION

Time jitter is an important parameter for determénithe
performance of digital systems. This paper revibow time
jitter impacts the performance of digital systerfist, an
overview of time jitter and digital systems is meted. In this
overview, three types of digital systems usefuldategorizing
the various impacts of time jitter are describad] definitions
of time error are discussed. Next, a statisticamiwork for
later discussions is presented. Finally, using ft@ismework, a
detailed discussion of the impact of time jitter eystem
performance for each category of digital systegivien.

Historically, the digital community has dealt withe jitter
using standard variances as the measure of jit&].[Such
treatments use the tools of stationary statistickaiten do not
explicitly deal with issues of bandwidth and noatsmnary

noise; that is, noise processes wiftf " spectra [10-18]. Now,
with digital systems achieving clock speeds in thalti-

gigahertz region and time jitter requirements raaghhe sub-

ps level, it is important to treat such bandwidthd &/ f"

spectra issues explicitly. The precise time comigurin the
other hand, has historically dealt with both théssies by
using 2° difference variances to avoid convergence problems

associated with the standard variance in the poesefil/ f"

noise [10-18]. However, it will be shown that theg&
difference measures of jitter are not easily coteteto digital
performance parameters. Thus, statistical treatnoéntime
jitter presented here will attempt to meld both rapphes. It
will use the standard variance as the measurend f{itter,

explicitly treating issues of bandwidth ahtf " spectra, and it

will show that the standard variance converges digital
systems because of the unique properties of tlyssenss.

1. AN OVERVIEW OF TIME JITTER AND DIGITAL SYSTEMS

Categories of Digital SystemBigure 1 shows a (somewhat
overlapping) categorization of digital systems ukefor
discussing the various impacts of time jitter. Teheategories
are as follows:

Synchronous Asynchronous Digital sampling
m m Analog Data
% Voltage

Figure 1. Categorization digital systems useful for discugsime jitter.

(1) Synchronous data transfer systedistribute a single
hard-line clock between all subsystems along wlith data.
Clock commonality cancels most direct effects fritva clock
oscillator and jitter comes from the logic gatesntiselves.
Here time jitter can generate hard bit errors cedibit errors
without any other factors being involved.

(2) Asynchronous data transfer systafistribute only data
between subsystems. Each sub-system has its oahdiock
oscillator (LO) that is synchronized to the magteit clock
oscillator (MO) using a phased locked loop (PLL)igital
communications systems are in this category [19i. |
asynchronous systems, there is additional rel&fi@eLO time
jitter along with the synchronous gate jitter. Thidditional
jitter can create soft bit errors or bit error rafBER)
degradation, which is the term used for an incréaske BER
that only occurs when thermal noise is also pre[déqjt

(3) Digital sampling systemsnclude analog-to-digital
converters (A/D), digital-to-analog converters ([p/Aand
decision circuits in communications systems [19]. this
category, sampling clock jitter degrades the irntggof the
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sampled signal [20-23]. In A/D’s and D/A’s, this regates
noise power, which degrades the effective numbebitsf
(ENOB) of these devices [20-23]. In communicatisgstems,
sampling clock jitter in symbol (or bit) decisiomauits--which
are specialized A/D converters that convert ananaignal
into a digital data stream--generates soft bitrerfb9].

Hard Errors Soft Errors &
Data Noise POW'er
Window
> 1 <
“TX_ X Dt
ONGN_Clock | T \uif \Clock
R STPEpee » <P

Figure 2. Time jitter and digital system degradation.

Types of Degradation Caused by Time JittErgure 2
shows how time jitter can degrade the performarfcgigital
systems. The left hand figure shows how hard bibrsrare
created. For data to be transferred properly frogitad sub-
system to sub-system at clock transition epochs, dlock
epoch must fall within a data-timing window wheratal is
settled into the correct state. A hard error themues when the
time jitter causes the clock transition epoch tb datside of
this window.

The right hand figure shows how both soft errord aoise
power are generated in digital sampling. In symthetision
circuits, an analog signal is turned into a streafirdigital
symbols by comparing the sampled signal to one orem
decision thresholds at the sampling clock epoch§]. [1
Sampling clock jitter causes variations in the siahgsignal
level. These variations create a greater potefiatiddit errors in
the presence of thermal noise. This produces a&hiBER for
a given input SNR than there would be without theiation
[19].

In A/D and D/A converters, time jitter induced ramal
variations in the sampled signal generate muléplie
decorrelation noise from the coherent signal thatiled noise
power [20-23]. Sampling errors caused by this np@ser add
to that produced by the quantization errors ofdbeice. The
net effect of this is to reduce the effective numbé bits
(ENOB) of the device to something less than is wyibg the
number of quantization bits.

Time jitter can be deterministic, such as that getee by
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Figure 3. Timing error is separated into skew and jitter.

As also shown in Figure 3, the total time errobisken
down into skew and jitter terms for both types abe The
skew or average error, is generally further parid into
fixed, slowly varying, and environmental terms. Thest often
used measure of skew is the arithmetic mean ofithe error
over some time-period that may or may not be sigecifThe
jitter is considered the high frequency variatiowl & specified
by the root mean square (RMS), peak, or peak-tk-pahue.
The RMS value, which will be used here, is gengrall
interpreted as an N-sample unbiased standard deviet the
time error, and often the system bandwidth propsréire not
explicitly defined [1-8].

It is important to note that bit errors are tiedthe total
error, not to either the jitter or skew alone. Thatandard
variances are preferred as the jitter measure inehor
applications because these variances directly eefer the
skew and allow the total error to be expressed lgirap the
sum of the jitter and the skew. Sometime¥ @ifference
variances based on Allan variances are used toal#ie time
jitter [9, 17, 18], but these variances have thakmess of not
directly referencing the skew. More will be saicbabthis in
the next section.

For digital sampling applications, reference to shew is
important for soft errors. For noise power, thevgkeference is
not important, but it is important for sampling accy
considerations.

. A STATISTICAL FRAMEWORK FOR DISCUSSING TIME
JITTER
In the following section, we will develop a statisi
framework for later discussions of time jitter awmilital
systems, and the framework developed will explicitleat
issues of bandwidth and/f"noise. It will utilize various
forms of the standard variance as the measureraf fitter,

spurs, or random, such as that generated by trise no rather than % difference variances, because of their direct

processes. Random noise can be colored or noorstafi In
the following sections, we will mainly discuss rand jitter.
However, the theory presented also applies to mhiestic
jitter.

Definitions of Time Error Before plunging into the
statistics of time jitter, it is important clarifyhat is meant by
time or timing error in digital applications andvindime error
is specified. As shown in Figure 3 in the left hdiglire, for
data transfer applications, the time differencavieen the data
symbol centers and the clock edges is the time pamameter.
As shown in the right hand figure, for digital sdimg
applications, the time difference between the cldgking the
analog signal and sampling clock epochs is the tamer
parameter.

connection to the total time error. It will be shothat these

standard variances converge in the presencd/6f noise
because of the properties of the system phase nmespo
function.
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Su%jgg& _%I;ck @ @ Basic Clock y = (do/dt)/ w, = dx/dt = —d(dt) /dt (5)
I
— o Freq L . . .
V= ADH «t»ts_: o Source whereas, the derivative @it is the negative of y. For this
1 1 th . . .
‘ > | 1 reason, x(t) will be used as the time error vaedot the rest of
— -5 M i this paper
Ve =AF@H ' Phase paper: _
( \ \ Counter The Variance of Reqularly Spaced Sampl&egularly
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X, =j dt x(t)hg (T - t) (6)

Figure 4. Time error and clock reading error.
) . o where R(t) is a linear time-domain phase response function
Time Error VariablesAs shown in Figure 4, there are two gescribing the filtering properties of the systefinterest, and
variables for time error that are in use in theréture [1-18]: | is the uniform sampling interval. This expliciteusf hy(t) will

Ot(ty) the time or zero crossing error, and)xhe clock reading  pecome very important later for demonstrating threvergence
or normalized phase error. To understand the difiee properties of the standard variances,of x

between these two variables, consider the following

) ) As the basic time jitter measure, we will choosaise the
Let the voltage of a subject clock be given by N-point unbiased standard variance of the sampjeéalso
known as the sample variance in stationary stegistiiven by

V(1) = A()F(cxt+ @ (1) (1)
N
where F(x) is a periodic function with a period 25, A(t) is 024(T,N) =< (N —1)'12(xn -M, (t,N))? > @)
the amplitude,w, is the nominal angular clock frequency =1

(fo= w/(2m) is the nominal clock frequency), amgt) is the

phase error. Thus, V(t) is a nearly periodic fumetwhose because of its direct reference to the skew. érathove, <...>
positive going clock edges,tare used to define a sequence ofrepresents an ensemble average, agd,N) is the skew given
clock epochs. These edgesdan be compared with equivalent by the N-point arithmetic mean

edges,tof a reference clock to define the time error

N
St(ty) = th—t O — @t)/oy ) M, (LN) =N x, (8)
n=1
where
For comparison, the closest lifference variance is given
by [10]
t, = 2m/wy, = n/f, 3)
02512 ¢
and where the approximate expression &ft,) given by 0% (T,N) =< N1 Z(yn_My(TaN))2> 9
-@(t,)/wy, can be derived from (1). n=1 )
- 2 2
As is also shown in Figure 4, a basic clock can be = 025t°ay (N, T.7)
defined as a frequency source with voltage V(t) anphase
counter whose reading is in units af™. This normalized where
phase counter reading is equivalent to the readfng clock
face driven by V(t). It can be shown using (1) tké) the o ., 10
clock reading error between the subject and refe®rtlock Yo =T (Xp =Xn-1) (10)
faces is given by
and
(1) = @t)/o (4)
N
Note that x(t) is defined as a continuous variabteugha(t). M, (T,N) = N_lzyn (11)

x(t) is considered the preferred variable because i =

derivative is just the fractional frequency error y One can show thasZ, (N, T) can also be written as
Xa !
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This shows explicitly that the direct reference ttee skew
My(T,N) in oia(N,T) has been eliminated.

Both these variances can be related {f) She double-
sideband (DSB) power spectral density (PSD) of xiéing the
spectral integral representation of the varianég [2

2= [ SR P K (N (13)

where: (a) f is the fourier frequency from the @arr(b) K(f)
is a kernel describing the properties of each typeariance
(K(f) is a stand-in for either (f) or K(f).), and (c) H(f) is
the DSB frequency-domain response function cornesipg to
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Figure 5. Kernels Kq(f) and K(f) vs ft.

Thus in general, for
S, (f)yO1/f¢ (19)

02,(1,N) diverges whena > 2, buto2,(N,T) doesn't diverge

time-domain response(t). The reason a kernel is used ratheruntil a > 4. However, when Kf) has a low-frequency cut-off,

than the square of a frequency response functithatsN-point
kernels cannot be written as the square of a siregponse

function. ForaZ,(t,N) anda2,(N,T), one must write

Ke()) =N I H ()P (14)
n
where Hy(f) is the response function for th8 residual.
The kernel foroid(N,t) is given by
N 1 sin?(NTfT)
Kuy)=——|1-———7F"—— 15
() N—1[ N? sinZ(Tn‘T)} =
and the kernel fooia(r, N) is given by
s 2
. NTTT)
K, o(f) = sin?(rfy)| 1- SN (NTID)_ 16
wall) N-1 ( ){ NZ sin®(1ifT) (16)
These kernels are plotted in Figure 5. For

N >>landNrft <<1, the kernels can be approximated by

K, q(f) D@3N?(rfr)? [N >>landNrft<<1] (17)

K, o(f) O@/3N?(rft)* [N >>1andNmft <<1] (18)

oid (t,N) can converge foun > 2.

For N - o but finite Nt, K,4(f)can be written as

K,q(f) 01-sinc®(TfNT) [N — oo, finite NT]  (20)

From (20), one can see thit,(f) — 1 when N also goes to
infinity, so

Lim 0%y (t,N) 005 g0 = [ df [H(D S,(1) (1)
whereo?_, is a single point standard variance given by

2 — 2
Ox-std =< (Xn_ <Xp >) > (22)
Thus, when N is large, one can use, for 62,(t,N) unless
mathematical difficulties force one to retain theseuof
024(1,N) with finite but large N.

[H(F) |?is often approximated by a square bandpass filter.

In this caseo?,4 becomes a bandpass variance

fh
0>2<—std - 0->2<—bpass.=jf Sx(f)df (23)
I

where f is a high frequency cut-off andi§ a low frequency
cut-off.

Now let us use the statistical theory establishecdthie
previous section as a framework for discussingptoperties
of time jitter for the various categories of difjggstems shown
in Figure 1.
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IV.  TIME JITTER AND SYNCHRONOUS DATA TRANSFER

The first category in Figure 1 is synchronous dedasfer.
As mentioned previously, this category has a commlonk
that is distributed to all digital subsystems alavith the data.
The net effect of this is to cancel clock osciltatontributions
to the time jitter at low frequencies. There is sonasidual
oscillator noise at the very highest Fourier fretpies due to
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(27)

One can show, for all the types of logic familibattexist, that
Ty is much greater than the life of the universe.sThwe can
ignore the flicker term in (25) and (26) for allaptical values

time misalignments between the gate clocks in warjmarts of ~ Of NT and write

the system. This misalignment can be representeda by

highpass response function given by

0%4(T,N) 00%_gq Of 40, (28)

|Hg (f) P= 4sin? (rft,,,) (24)  In other words, for synchronous systems, we onlgdnase

white noise terms for jitter calculations.
wheret,, is the time misalignment. For simplicity, let wddf in
this highpass filtered oscillator noise into thgitogate white V.
noise. The PSD of logic gates can be represented by

TIME JITTER AND ASYNCHRONOUS DATA TRANSFER

In asynchronous systems, only data is sent frommthster
unit or transmitter to remote units or receivers] &cal clock
oscillators (LOs) in the remote units are synclzedito the
master clock oscillator (MO) using phase lockedob¢PLLS).
Because of this, relative MO-LO clock oscillatamé jitter is
generated at the receivers in addition to synchusijitter. The

Sc(f) =go @+ i /) (25)

Here, we are assuming that the logic gate PSD hesdame

spectral form as the PSD of the amplifiers andsisdars that - p| | iy each receiver can be described by a basetssmbnse
logic gates are composed of [24], B the white-x noise fynction pair h(t) and Hy(f) [26]. H,(f) has a lowpass response
density coefficient and,fis a parametric 1/f knee that is given yith a bandwidth B For fourier frequencies less thap, Bhe
by_the frequency at which the 1/f noise densityads| the | 5 tracks the MO and suppresses the MO-LO jtter te
white noise density. MO-LO contribution to the time jitter variance che written

For this category, ) can be approximated with a square @S [19]
lowpass filter. Thus,,fis equal to zero because there is no
physical reason to introduce a low frequency cétarid f, is 5 '
equal to § where § is the analog noise bandwidth of the g2 = - 2
componer{ts used iél the gates. Note thas fot f the clock Ox-std J.O SO Hp(f)|2| Hn(f)Fdf DJ.Bps)((f)d]c (29)
frequency, which in general is much smaller thanSince a
digital system steps uniformly in time from statestate at the
clock frequency £ it is equivalent to a uniformly sampled
system. Thus the analog( noise in bandwidthfis aliased
by this sampling into a smaller sampled bandwidtf2%]. As
shown in Figure 6, this multiplies the effect oé tivhite noise
in S(f) by a factor of §/f, for time jitter considerations.

where: (a) gf) is the sum of the PSDs of d@lie oscillators in
the Tx-Rx link (MO and LO plus other LOs in the Rx link),
and (b) H(f) is the DSB complex envelope response of the
transmit-receiver link [19]. For communicationsteyss, Hi(f)

can be approximated by a square lowpass filter evtigis
equal to Y2 the symbol rates RL9]. For other asynchronous
data transfer systems such as RS-422, one hasalgzarthe
system in detail to obtain, {f; can be used as a worst case
value).

S,(f) An'alog{nosi-se

Sampled S,
Multiplied by (f/f,)

Analog S ,(f)

Sampled noise VI. TIME JITTER AND DIGITAL SAMPLING
H H o has same gin BW
f 2f 3ff T I]‘DI A\) il
o o o) g T ZTO 3T, - -nTO
Freq from carrier Clock Cycfes

o

RMS Jitter Reqgs for QPSK
@ 0.1 dB BER Deg

Figure 6. Aliasing of white noise in digital systems. g 22 .\\\
& 7 K
. . . 2 .8 N
Since we have included a 1/f term in (25), we né&md 2 9 NG
e . . 5 -1 N
consider its impact omrfd . Using (17) in (13), one can show g e >N

30 40 50 60 70 80 90
Symbol Rate - dBHz

that

o2, 0f g, In(rf,NT) +f g, (26)

Figure 7. RMS Jitter that will produce 0.1 dB BER degradatim@QPSK
systems [19].

Thus, the 1/f term in (26) equals the white ternemh
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Time jitter in digital sampling causes two effedik) BER
degradation in digital communications systems synilobit)
decision circuits, and (2) noise power in A/Ds abfAs.
Symbol decision circuits in communications receivierrn the
received analog signal into a stream of digital lsgt® by
comparing the signal to one or more decision tholelshat
sampling clock epochs [19]. Jitter in these epochsates
multiplicative voltage noise, which is generatednfr the
coherent input signal by slope modulation as showfigure

2. In symbol decision circuits, this multiplicatineise interacts

with thermal noise that is present along with thgnal to
increase the BER for a given input SNR, and isedaBER
degradation [19]. The appropriate time jitter vada for
computing this effect is the sum of the synchronaunsl

asynchronous MO-LO variances. Figure 7 shows theSRM

Jitter that will produce 0.1 dB of BER degradationQPSK
systems as a function of symbol rate [19]. Notet, tfiar
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Equation (32) is pessimistic for the average ntissgnal ratio
(NSR) because the sampling point is not always tieacenter

of the sinewave. Usingy(f, without the factor of 2 as a better

approximation foro\z, / P, the noise to signal ratio (NSR) and
signal to noise ratio (SNR) can be written as

NSR;

— -1 _ 2 _, 2.2
jitter =SNR =0y = W0y _gyq

jitter [0] (34)
Note that the SNRe limit in (34) is independent of the
number of digitized bits. Thus, time jitter requients become
more restrictive as the number of digitized bitsAifibs and
D/As increases.

For white time jitter, the sampled voltage PSD e t
digitized signal is given by the voltage varianeadkd by the

systems in the GHz symbol rate range, the timeerjitt clock frequencyf[27]

requirement approaches 1 ps.

|y

Noise
2A Power &V

! :
X ke Time

Jitter

Phase
® Jitter

Figure 8. Noise power generation in A/D and D/A converter2][2

In A/Ds and D/As, the multiplicative noise is callaoise
power [20-23]. To determine the size of this ngisever as a
function of the sampling clock jitter, consider &ig 8. The
following simple derivation of the noise power ifD% due to
sampling clock jitter is based on that in referef@2]. The
derivation can also apply to D/As with some redgén in
terminology. Let us assume the input signal isawsave given

by
V(t) = Alsin(t +¢) (30)

whereq s the phase error due to sampling clock jitter, 21t
is the sinewave angular frequency, and A is theveave
amplitude. If we assume that the sampling poinbesr the
middle of the sinewave, one can see from Figureas t

¢=wx=3V/A [nearzero] (31)

Taking the variances of both sides of (31), we iohtear zero
205 | A% =0y | P, = 205 = 2w(0%_gq4 [nearzero] (32)
where Rthe average power in the sinewave is

P,=A?%/2 (33)

Sy(f) Of, 1Psw520§_std [for white x-jitter] (35)

The effective number of bits (ENOB) can be derifiexhn
(34), if we make some further assumptions aboubfierating
conditions. These assumptions are not unique. Tiee chosen
here lead to more conservative ENOB formulas ttnese in
other references [22], but are more realistic )rmgeof actual
operating conditions.

To generate the ENOB from (34), one first has timdethe
relationships between various contributions to h#®R. For
our definition of ENOB, let us assume that the NgRequals
NSR,an the NSR due to quantization error and that thege a
no other NSR contributors (such as A/D inaccuraal&sve the
quantization level). Thus, we will assume the td¥8R is
given by

NSRit = 2INSRjje (36)

Second, one has to define the input signal powative to
A/D full scale. Let us assume the input signal poiséacked-
off (BO) by a factom from the value for a full-scale osculating
sinewave (A = ¥ of full scale). For the purposegeherating
the ENOB charts to be described below, we will assuhe
BOn is -10 dB because this value approximately opésithe
SNR for a Gaussian signal input [20, 22]. Thiseatffrom the
BO used in [22], which uses the value @f= 0 dB, an
unrealistic value for complex signal inputs. FoB® of n,
NSRyantiS given by [20, 27]

NSRyaun= (2/3) 2725 (37)

where L is the number of A/D quantization bits.
Using (34), (36), and (37), we can thus write NS

NSRy, = 26507 _gq = (2/3) 272EN Bt/ (38)



A Review of Time Jitter and Digital Systems-V S Rerdt

where we have set NgRequal to an NSRa.value that would
be obtained if it were the only contributor to tiNSR.
Rewriting (38), we obtain

ENOB,, =—l0g,[(3n)"?w,0,_g] (39)

The graph in Figure 9 shows the time jitter requizats as
a function of the total SNR and ENOB verses thewave
frequency, and the table in the figure gives typimamerical
values. Note, for a 16-bit ENQR that 1 ps of jitter is required
for digitizing a 4 MHz signal, and 0.1 ps of jitterrequired at
44 MHz. Correspondingly, for a 10 bit EN@Bthe 1 ps and
0.1 ps thresholds are crossed for 300 MHz and 3 S¢imls.
Thus, time jitter requirements for high speed Adal D/As
are extremely stringent. This is a major perforneahimiting
issue for high-speed A/Ds and D/As.

120
1202
100 > 18
o D ‘/)',%( I16 8 [Jiter 5] 1ps 0.1ps
© 80 <] S T14 S| ENOB [ SW Freq | SW Freq
g o X I1p 5| tot MHz MHz
S O T 5 16 4 44
o N2 T10 B
Z 0 1D g S 12 71 709
2 NS Te 2 [ 10 284 2838
20 & T 8 1135 11351
6 7 8 9 10
Log ,o(SW Freq — Hz)

Figure 9. SNR and ENOR, as a function of time jitter and sinewave
frequency fomgs = -10 dB .

How to calculate 62_y, or o2, for digital sampling

systems in the presence dfff" noise is a matter of
application. For systems in which there is a comranalog
signal and sampling clock, one would use the foamuior
synchronous data transfer. Similarly, when the dmgelock
is locked to the analog signal clock through a RirLsome
equivalent, one would add the MO-LO time jitterrfadas for
asynchronous data transfer to the synchronous jite totally
unsynchronized clocks, the standard variances ghvér the

presence of 1Jf and higher power noise. However, the [15]

equivalent of a PLL is often buried in hidden cadiiion
applied to nominally unsynchronized systems.

VIl.  SUMMARY & CONCLUSIONS

Now let us summarize some of the major conclusfoms
the paper. First, it has been shown that if onelicttp
includes the properties of the system responsdifumhy(t) for
various types of digital systems, one can use thedard

variances 024(1,N) and o2_,, to define time jitter when

1/f" noise is present. Second, in synchronous datafémran
time jitter causes hard bit errors, one need oolysider the
white noise component, and one must consider tfeetefof
aliasing on this noise component. Third, in asyonbus
systems, time jitter can also cause soft errorkitoerror rate
degradation, and there is additional jitter due réative

MO-LO clock oscillator jitter. Furthermorel/f" clock
oscillator noise contributes to this MO-LO jittemd the jitter
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is bounded because of the highpass properties PlLthe
system. Finally, for digital sampling, noise povierA/Ds and
D/As generated by sampling clock jitter is a médijoitation on
the effective number of bits in high-speed devices.
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