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Abstract—Clock jitter is measured and digitized by a stochastic
time-to-digital converter (TDC). This jitter information is used to
compensate the sampling error of an analog-to-digital converter
(ADC) caused by the clock jitter. The following two system sce-
narios are covered: 1) an ADC with a clean external clock and
2) an ADC with an external clock as the main jitter source. TDC
calibrations for both scenarios are proposed. The calibrations
are based on signal reconstruction and can be performed in the
background. Both theoretical analyses and system simulations are
provided to verify the proposed jitter compensation and TDC
calibration techniques.

Index Terms—Analog-to-digital conversion, calibration, clocks,
jitter, sampling methods, signal reconstruction, signal sampling,
time measurement.

I. INTRODUCTION

Nyquist-rate analog-to-digital converter (ADC) first sam-
ples a continuous-time analog signal and then quantizes
the sampled data into a discrete-time digital sequence. A peri-
odic clock is required to provide a reference for the sampling
time. If the sampling clock jitters, a sampling error occurs
during the sampling process [1], [2]. Excess clock jitter can
degrade the signal-to-noise ratio (SNR) performance of an
ADC. For an ADC with more than 100 MS/s sampling rate,
if the analog input is a 50-MHz sine wave and the clock jitter
is random, the root-mean-square (rms) value of the clock jitter
must be less than 0.32 ps to ensure an SNR greater than 80 dB.
Clocks generated from phase-locked loops can hardly achieve
this stringent jitter requirement [3]. Low-jitter clocks, which are
mostly based on crystal oscillators, are inflexible and expensive.
It is possible to relax the clock jitter requirement by introduc-
ing jitter compensation in the analog-to-digital signal path. The
scheme of Tourabaly and Osseiran [4] modulates the analog
input before the sampler so that the correct input signal is
sampled. However, this scheme requires high-precision analog
circuits, which are difficult to implement. The use of differen-
tiators also makes it sensitive to high-frequency noises.

In this paper, we propose a technique that employs digital
signal processing to relax the clock jitter requirement. Clock
jitter is measured and digitized by a stochastic time-to-digital
converter (TDC) [5]. This jitter information is then used to
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compensate the ADC’s sampling error in the digital domain,
improving the ADC’s SNR performance. We also propose
techniques for TDC calibration. The calibration can be per-
formed in the background without interrupting the normal ADC
operation. Both theoretical analyses and system simulations
are provided to verify the proposed jitter compensation and
TDC calibration techniques. A 16-bit 100-MS/s ADC system
is discussed and simulated as a design example.

The rest of this paper is organized as follows. Section II
introduces the principle of jitter compensation. Section III de-
scribes the concept of signal reconstruction. The proposed TDC
calibrations are based on signal reconstruction. Section IV gives
an overview of the stochastic TDC. Section V describes a jitter
compensation scenario in which the external clock is clean.
Section VI describes another jitter compensation scenario in
which the external clock is the main jitter source. The two sce-
narios employ different TDC calibration schemes. Section VII
discusses some hardware implementation issues of the pro-
posed techniques. Finally, Section VIII draws conclusions.

II. JITTER COMPENSATION

The basic principle of the proposed jitter compensation is
illustrated in Fig. 1. An ADC samples and quantizes the analog
signal V;(¢) and generates the corresponding digital sequence
D;[k]. A clock dictates the instants at which V;(¢) is sampled.
The kth sampling time is (k + €[k])Ts, where T is the nominal
sampling interval, and e[k] is the clock jitter normalized to 7.
The clock jitter at the kth sample is A¢[k] = e[k]T5s. A jitter-to-
digital converter (JDC) measures the €e[k] jitter and produces a
jitter estimation €[k] in digital form. The relationship between
e[k] and €[k] is defined as

€[k] = e[k] + €[] (1

where €.[k] is the JDC measurement error. A jitter compensa-
tion filter (JCF) uses the é[k] data to correct the sampling error
in D, [k]. The corrected output from the JCF is D.[k].

The ADC’s SNR performance is measured by applying the
following sine wave input:

where A; is the amplitude, w; is the input frequency, and ¢;
is the phase. The corresponding output from the ADC can be
expressed as
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Fig. 1. Jitter compensation block diagram.
where 2; = w; T} is the normalized input frequency. The D, [k] Magnitude A A
signal consists of the following: 1) the desired input V;(kT5); : : :
2) the quantization noise ¢[k]; and 3) the sampling error V, [k] | B} mm T e

caused by the clock jitter. The SNR of the D;[k] signal is
defined as

Py

SNR =
+PE

- O

q

where Py = (1/2)A? is the signal power of V;(kTy), P, is
the signal power of the ¢[k] sequence, and P, is the signal
power of the V,[k] sequence. Considering an ideal B-bit ADC
with an input range of +£1, it has a uniform quantization step
size of s, = 2/28. The quantization noise power of an ideal
quantization process can be approximated by [6]

) 2

x(

The quantization noise ¢[k] is assumed to be random and
uniformly spreads between 4-1/25. If the clock jitter is small,
the sampling error V, [k] can be approximated by [1]

2
2B

®)

x Atlk] = Ajw; cos(k + ¢;) x At[k]
t=kT, ©

where At[k] = €[k]Ts is the clock jitter. The sampling error
power can be expressed as

Pe

s 1 1

(Ve{k])z = §Az2wi2 X (Atrm5)2 = §A12912 X efms (N
where At is the rms of At[k], and €., is the rms of €[k].
The clock jitter is assumed to be random and has a mean of
zero. Assume that the input is a full-range sine wave expressed

as (2), with A; = 1. From (4), (5), and (7), the SNR becomes

1
2728 1 (O)2¢2

7 rms

®)

1 p—

NR; =
S (2/3)2 28 + 2 (Abrms)?

(2/3)

SNR; is the maximum SNR performance of the ADC without
jitter compensation.

The theory of jitter compensation is discussed as follows. A
band-limited signal V;(¢) can be expressed in inverse Fourier

’
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Fig. 2. Jitter compensation principle.
transform as
1 +wp
Vi(t) = o / V(jw)ed“tdw )
—wgp

where V (jw) is the Fourier transform of V;(¢), and wp is its
bandwidth. Neglecting the quantization noise, the D;[k] signal
in Fig. 1 is simply the V;(¢) input sampled at t = (k + €[k])Ts.
It can be expressed as

+wp
1 .
Dilk] = o / V (jw)el @ RTFelkITe) gy (10)
e

Assume that only the kth sample D;[k] contains a sampling
error. Then, the sampling error is caused by a jitter €[k] at the
kth sampling. To correct this sampling error, the required JCF is
a filter with a frequency-domain transfer function of e ~7«¢[FTs
The discrete-time impulse response of this linear-phase filter is

+7

/e—jﬂe[k]ejﬂndQ

_ sin(r (n — e[k))
m (n — €[k])

1

“or

he [0, €[k]]

=sinc (n — e[k]) (11)
where 2 = w7y is the normalized frequency.

Fig. 2 shows a graphic illustration of this jitter compensation
scheme. Assume that a sampling error occurs at the kth sam-
pling instant. The V;(¢) is sampled at t = (k + €[k])T instead
of t = kT. The magnitude at point A’ is quantized as D;[k].
Thus, the ADC perceives a different V;(¢) input instead of
V;(t). The signal V;(t) has a value of D;[k] at t = kT, denoted
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D;[k+M-1]  D;[k+1]

Fig. 3. Jitter compensation filter with 2M + 1 taps.

D,[k+M-1] D, [k+1]

Fig. 4. Simplified jitter compensation filter with 20 + 1 taps.

as point B. The filter of (11) interpolates the value of V;(t)
at t = (k — €[k])Ts, denoted as point B’, which is a correct
estimation of V;(t) at t = kT, denoted as point A.

Fig. 3 shows a finite-impulse-response (FIR) filter with
2M + 1 taps that approximates the JCF of (11). Applying the
measured ¢é[k] data from the JDC and assuming é[k] < 1, the
filter’s output can be expressed as

k+M
De[kl= > Diln] x he [k — n, é[k]]
n=k—M
M 1 +wp
%Dl[k] + nzz:l % / V(jW)e‘jw}gTS
2j sin(nwTs) ,
e é[k]dw (12)

Exchanging the order of integration and summation, (12)
becomes

+wp
D.[k] ~ Di[K] +@ / V (jw)el R T B (M, wT,)dw

(13)

where

sin(nwTy)

Cxn 1

M
Fo(M,wTy) =

n=1

D;[k]

D, K]
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Let Q = wTs, if M approaches infinity, (14) becomes

Q
lim F,(M,Q) = ——.
M —o0

5 (15)

Furthermore, if there is no JDC measurement error so that
é[k] = €e[k], (13) becomes D.[k] = V;(kT). This proves that
the JCF can compensate the sampling errors and recover the
original V;(kT5).

In Fig. 3, the tap coefficients h.[n,e[k]] are recalculated
every clock cycle due to the different €[k]s at different ks. The
hardware cost of this JCF is very high. It is also difficult for
this JCF to achieve high-speed operation. A simplified JCF is
proposed as follows. Assuming e[k] < 1, (13) can be approxi-
mated by

D.lk ~ Difk] + D,k (16)
where
k—1 k+M
Dy[k] = (Dilnlhslk —n)) + > (Diln]hs[k —n])
n=k—M n=k+1
(17)
with
hs[n] = sinc(n — €,). (18)

In the above equations, ¢, is a predefined jitter constant. Fig. 4
shows the resulting JCF. In this implementation, once a specific
€, 18 chosen, the hg[n| tap coefficients are fixed. The D, [k]
signal of (17) is calculated using a FIR filter with the fixed hs[n)
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tap coefficients. The sampling error is estimated by multiplying
D, [k] with the é[k]/e,, ratio. In Fig. 4, €[k] is only used at one
place. The value of €, can be chosen so that the division by
€, becomes a simple bit-shifting operation in a binary numeral
system. Note that the magnitude of D, [k] can be scaled by
varying €,,.

As an example, consider a sine wave input V;(t) expressed
as (2) and the corresponding D;[k] expressed as (3). From (13),
the resulting D.[k] from the JCF can be expressed as

D.[k] & D;[k] + e[k]F.(M, %) x 24; cos(kQ; 4+ ¢;). (19)

The residual sampling error after the jitter compensation, de-
fined as V. [k] = D.[k] — V;(kTs), can be approximated by

Velk] = [Q; + 2F. (M, Q;)] e[k] x A; cos(k§2; + &)

+ QFC(M, Qi)ee [k] X Ai COS(in + gf)z) (20)

The averaged power of V,[k] is

A7 2 2
Pe = 71 [Ql —+ QFC(M, Qz)] €

rms

+ 242 [F.(M, Q)] €

e,rms

2n

where €,,5 is the rms of the clock jitter €[k], and €. s is the
rms of the JDC measurement error €.[k]. If A; =1 and the
quantization noises are included, the SNR of the signal D, [k]
can be calculated using (4), (5), and (21). From (15), if M is so
large that F,.(M, ;) ~ —;/2, then the SNR becomes

1
(2/3)272B + Q22

i -e,rms

SNR, o, = (22)

Comparing (22) with (8), the clock jitter rms €.,s in (8) is
replaced by the jitter measurement error rms €. yms in (22).

Consider a 16-bit ADC system operating at a sampling rate
of 100 MS/s. Its sampling period is T, = 10 ns. Assume that the
rms of the clock jitter is €575 = 3 ps, i.e., €;ms = 3 X 1074
From (22), to ensure an SNR better than 80 dB for an input
frequency up to 40 MHz, i.e., ; < (4/5)m, one can choose
€ermsls < 1/v/12 ps and M = 7. The €e,rms indicates the
required resolution and accuracy for the JDC. The number of
taps for the JCF is 2M + 1 = 15. The bandwidth limitation is
due to the proposed JDC calibration, which will be discussed
in Sections V and VI. Fig. 5 shows the SNR performance from
simulations of the system in Fig. 1. The JDC is an ideal one
with a uniform quantization step size of 1 ps so that €. ;r,sTs =
1/4/12 ps. The JCF is the one shown in Fig. 4. The circle
symbols in Fig. 5 are simulation results. Also shown in the
figure are the calculated SNRs of a JCF, with M = 7 using (4),
(5), and (21). The SNR of an ideal JCF is calculated using (22).
At f;/fs = 0.4 or Q; = (4/5)m, the JCF can improve the SNR
by 20 dB. As a reference, the uncompensated SNR in Fig. 5 is
calculated using (8).

III. SIGNAL RECONSTRUCTION

Consider a band-limited analog input V;(¢) and the corre-
sponding digital ADC output D;[k]. As shown in Fig. 6, we
want to reconstruct the kth sample D;[k] from its neighboring
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Fig.5. SNR results of jitter compensation. Circles are from simulations. Lines
are from calculations. f; = w;/(27) is the input frequency, and fs = 1/T% is
the sampling rate.
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Fig. 6. Signal reconstruction.

samples, which can be expressed as D;[k — n] and D;[k + n]
for integer n > 1. Since the number of the D;[k — n] samples
is equal to the number of the D;[k + n] samples, from signal
symmetric property, the output of the reconstruction filter can
be expressed as

N
Dy[k] =Y {he[n] x (Dilk —n] + Dilk +n))}  (23)

where h,.[n] are the filter coefficients. Using (10) and neglecting
the clock jitter €[k], the above equation becomes

N +wp
D, [k] = Z % / V (jw)e? ¥ = [2h,.[n] cos(nwT)] dw
n=1 —n

+wp

1

2T
—on

N
V (jw)el* N " [2h,[n] cos(nwT)] dw.

n=1
(24
For a valid reconstruction filter, the D,.[k] of (24) must be equal

to the D; [k] of (10). Thus, within the frequency band of interest,
the h,.[n] coefficients must satisfy

al 1
Z [h[n] cos(nQ))] = 3 (25)

where 2 = wTs. To find a solution for the h,.[n]| coeffi-
cients, consider an ideal low-pass filter X (Q2). For || < Qp,
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X (Q2) = K; otherwise, X () = 0. The Fourier series represen-
tation of this filter is

KXQB
™

X(Q) = + i [QKXSIH(NQB) cos(nf) (26)

nm
n=1

Comparing (25) and (26) for N approaching infinity, h,.[n] can
be found to be

sin(nfp)

hr[n] = m.

27

For example, if the bandwidth of V;(¢) is wp, and Qp =
wpTs = (4/5)m, we can choose

hofin] = 5sin 4?” .

nm

(28)

Consider a sine wave input where V;(¢) and D;[k] are expressed
as (2) and (3), respectively. For the reconstruction filter of
(23) with a finite value of N and the coefficients of (28), the
output is

4dnm

i 10 cos(n )sm—
—m

54,9 L cos [ (k+n)+¢;) sin 427
+ {Z - elk+n]

[kj—n]}

(29)

x A; sin(kQ;+ i)

540 [ o= cos [ (k—n)+¢;] sin 127
N {ZCOS[ (k—n)+¢;]sin =%
T n

As N increases, it can be shown that the first term on the right-
hand side approximates A; sin(k€2; 4+ ¢;), which is the exact
value of V;(t) sampled at t = kT. The last two terms in (29)
are errors caused by the clock jitters when sampling D; [k — n]
and D;[k + n).

The reconstruction filter will be used in the TDC calibrations
described in Sections V and VI.

IV. StocHASTIC TDC

The JDC in Fig. 1 contains a TDC that digitizes the timing
(or phase) difference between two clocks of identical frequency.
For a 16-bit 100-MS/s ADC system, the TDC must perform the
conversion every clock cycle and must have a resolution better
than 1 ps.

There are several different types of TDC architecture. An up-
to-date survey can be found in [7]. Most of them require certain
types of precision circuits, such as delay elements with precise
delay [8], [9], oscillators with precise frequency [7], or time-to-
voltage converters with precise conversion function [10], [11].
The TDC used in our design is based on the stochastic TDC
architecture [5], [12]. It does not use any precision circuit and
can easily be realized in a standard CMOS very large scale
integration technology.
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A stochastic TDC conducts the time-to-digital conversion
by exploring the statistics of a group of timing comparators
(TCMPs). Like a flash ADC, it can easily complete the
conversion in one clock cycle. It can provide the conversion for
every clock cycle continuously. Furthermore, it can improve
the conversion resolution simply by adding more TCMPs.
Fig. 7 shows a TCMP example [5]. It compares the rising edges
of two clocks V; and V5. Ideally, its output is a digital 1 if the
timing difference ¢4 > 0; otherwise, the output is a digital 0.
However, a practical TCMP exhibits an offset ¢,s. The offset
is mainly caused by devices mismatches and interconnect
mismatches. The TCMP now yields an output of digital 1 only
if tg > tos. Fig. 8 shows the t,s statistics of a TCMP realized
in a 90-nm-CMOS technology. The data were collected from
1000 Monte Carlo circuit simulations. The standard deviation
of tos is 0 = 6.36 ps.

Fig. 9 shows the architecture of a stochastic TDC. It con-
tains L. TCMPs. Each TCMP detects the polarity of (¢4 —
tos) and has its own t.s offset. For every clock cycle, the
TDC’s output m is generated by summing the digital outputs
from all TCMPs. Thus, m is the number of TCMPs with a
digital 1 output. Fig. 10 illustrates the TDC transfer function.
From the central limit theorem, the probability density function
(pdf) of t,s is approximately a normal distribution G(ts),
which is

e t3:/(20%) (30)
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Fig. 10. TDC transfer function and ¢os pdf.

where o is the standard deviation of t.s. The averaged ¢4-to-m
TDC transfer function can be obtained by integrating over this
pdf, i.e.,

ta
m =L x / Gl(tos)dtos. (31)

In practice, m can only be an integer between 0 and L. This
TDC has its input range proportional to o. Its resolution is a
function of L.

A TDC converts an input ¢4 into a digital code m. The
input range of a TDC is divided into different segments. Each
segment is mapped to a different m code. The quantization step
size At4(m) is the range of the ¢; segment mapped to the digital
code m. Similar to an ADC, a TDC also introduces quantization
noise At,[k]. A larger At,(m) results in a larger At [k]. Define
Atgms as the rms of At,[k]. Assume an ideal TDC that
has identical Ats(m) for all m. Similar to (5), an ideal TDC
that has a uniform quantization step size of At; = 1 ps gives
Atgyms =1/ V/12 ps. For a stochastic TDC, the At, (m) may
vary for different m’s. An explicit expression for its At s iS
difficult to obtain. Brute-force simulations were used instead.
Fig. 11 shows the Aty .m¢ achieved by 99% of the stochastic
TDCs with a given L. The t,s of each TCMP in the TDC is
randomly chosen. The statistics of ¢, is the normal distribution
of (30). The data are obtained from simulations of 100000
different TDC cases for each L. The input ¢, is assumed to have
a normal distribution with a mean of zero and an rms of At,,s.
Note that depending on applications, the input ¢; may have
a different statistical distribution. Consider a stochastic TDC
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whose internal TCMPs exhibit a £, with standard deviation
o = 6.36 ps. To achieve the same Aty ms = 1/\/5 ps, i.e.,
Atgyms/o = 0.045, this TDC needs the number of TCMPs
L > 70 if the rms of the input ¢4 is Atyms = (1/3)o. The TDC
needs L > 94 if Atyms = (2/3)0.

The t,s of a TCMP is very sensitive to process, supply
voltage, and temperature (PVT) variations. It is also sensitive
to the waveforms of the two input clocks V; and V5. Therefore,
it is necessary to calibrate a stochastic TDC so that an accurate
estimation of ¢4 can be extracted from its digital output. Tech-
niques to calibrate the stochastic TDC in the background are
proposed in the following two sections.

In the following discussion, the rms of the clock jitter, the
TDC quantization noise, and its rms are normalized as follows:

Atrms
ome = =7 [

_ AdylK]
T

Atq,rms

€q,rms = T (32)

where T is the nominal clock period. If Aty ms = 1/v/12 ps
and Ts = 10 ns, then €, yms = (1/v/12) x 1074,

V. JITTER COMPENSATION SCENARIO 1

Fig. 12 shows an ADC system with jitter compensation. In
this scenario, the external clock CLK, is assumed to be clean
and without jitter. It defines the sampling instants, denoted as
kTs. A variable delay buffer (VDB) receives the CLK, clock
and generates the internal CLK; clock that drives the ADC.
The delay of the VDB is controlled by a delay-control (DCTL)
signal such that CLK; is phase aligned with CLK.. The DCTL
signal can be generated from a delay-locked loop or a phase-
locked loop. It is assumed that the VDB adds jitter to the
CLK; clock, changing the sampling instants to (k + €[k])Ts.
The clock jitter €[k] is measured and digitized by a JDC. A JCF,
similar to the one shown in Fig. 4, uses the measured jitter data
to convert the D;[k] signal from the ADC into the corrected
signal D.[k]. The JCF eliminates the sampling error in D;[k]
caused by the jitter €[k].

The JDC in Fig. 12 consists of a stochastic TDC and a jitter
calibration processor JCP1. The TDC measures the timing dif-
ference between CLK, and CLK;. This TDC can also be used
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T(m) . DKl Consider a sine wave input where V;(t) and D;[k] are expressed
2 . as (2) and (3), respectively. The filter coefficients for the SRF
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Fig. 13. Block diagram of jitter calibration processor JCP1. . iv: E COS(’nQi) sin MTW 1 tan(in + (bO)
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as the phase detector of a digital delay-locked loop that gener- n=1
ates the DCTL signal [12]. The JCP1 translates the output Dy [k] (35)

from the TDC into the corresponding jitter estimation, é[k]. The
JCP1 also performs self-calibration to ensure an accurate €[k].

Fig. 13 shows the JCP1 block diagram. It contains a jitter
mapping table JMT). The JMT receives D;[k] = m as an ad-
dress and outputs the content stored in that address. The content
T'(m) is the corresponding jitter estimation €[k]. Every address
m has its own content T'(m). Note that 0 < m < L, where
L is the number of TCMPs in the TDC. The content T'(m)
is acquired from a jitter estimator (JE). The JE extracts the
jitter information e[k from D;[k] and its neighboring samples,
which are digital outputs from the ADC. The JE includes a
JCF employing the structure of Fig. 4. This JCF generates
the D, [k] signal as defined in (17). Also included in the JE
is a signal reconstruction filter (SRF) that takes 2/N samples
D;[k — n] and D;[k + n], where 1 < n < N, and applies (23)
to reconstruct the V;(kTs) sample, denoted as D,.[k]. The JE
makes a new estimation of the jitter €[k] based on the outputs
from both JCF and SRF. Its output e.[k] updates the T'(m) by

T'(m) = (1—a) x T(m) + a x €.[k] (33)
where a < 1 is a constant. The above equation is a low-pass
filter with a single pole at z, = 1 — a. Its function is to remove
the high-frequency components in e.[k] so that T(m) can
approximate the dc value of €. [k].

The JE calculates its output €.[k] based on the criterion
described as follows. If a JCF employs this €.[k] for jitter
compensation, its output D, [k] should be equal to D,.[k], which
is the output of the SRF. From (16), and letting D.[k] = D,[k],
the €.[k] is calculated as

(34)

Contributions by the last two terms in (29) are not shown in
(35). They are removed by the low-pass filter of (33). For each
m, the T(m) is updated only when the TDC has its output
D,[k] = m. Every time D,[k] = m, the TDC detects a similar
e[ k] jitter, denoted as €(m). From (35), we have

Q;

T(m)~ - 2F.(M, )

x €(m). (36)

The second term on the right-hand side of (35) does not appear
in (36) since it is removed by the low-pass filter of (33).

Fig. 14 shows the ratio of T'(m)/e(m) calculated from (36).
Note that Q; = w;Ts = 27 f;/ fs. The ratio represents the JDC
conversion gain. Different M’s yield different conversion gain
characteristics, where 2M + 1 is the number of taps for the JCF
shown in Fig. 13. If M — oo, the conversion gain approaches 1
for all input frequencies up to f; = 0.4f,, which is determined
by the h,.[n] coefficients of the SRF. The conversion gain is less
accurate at low f; frequencies. An odd M is preferred if V;(¢)
is a narrow-band low- f; signal. If an even M value is selected,
the resulting |T'(m)| can be excessively large under the same
input condition.

Although a larger M for the JCF results in a better JDC
conversion gain characteristic, a large M is not necessary
if the JCF in Fig. 13 is identical to the JCF in Fig. 12. If
V;(t) is wideband and has many different frequency compo-
nents, the averaged JDC conversion gain is approximately 1,
even for a small M. To illustrate a narrow-band input condi-
tion, let V;(t) = A; sin(w;t + ¢;) as in (2). From (36), é[k] =
—[Q4/(2F.(M,;))] x €[k]. For jitter compensation, the D[]
signal is calculated using (19), resulting in D.[k] = D;[k] —
A;Q; cos(kQ; 4+ ¢;) X €[k]. The last term on the right-hand
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Fig. 14. Conversion gain of the JDC using JCP1.

side is an accurate estimation of the sampling error in D;[k],
which is shown in (6). Thus, the JDC conversion gain error is
automatically compensated. It has little effect on the SNR of
the D.[k] signal.

For an accurate signal reconstruction, the SRF requires
a very large N. It is not practical to implement the SRF
hardware with 2N multipliers. We propose using the cyclic
multiply-and-accumulate (MAC) architecture to realize the
SRF. The MAC architecture requires only one multiplier and
one accumulator. As a result, the SRF can generate only one
D, [k] signal every 2N + 1 clock cycles. Therefore, the pro-
posed JE generates one valid e.[k] output every 2N + 1 clock
cycles.

For the jitter compensation configuration of Fig. 12, the
jitter measurement error of the JDC, defined as €. [k] in (1), is
mainly caused by the quantization noise ¢, [k] of its TDC. We
can assume €. [k] = ¢,[k] and €¢ yms = €4,rms. The IDC’S €¢ s
requirement can be estimated by using (4) and (21). If M is
large, it can be found by using (22). Since €. rms = €¢,rms> WE
also obtain the €4,,ms requirement for the TDC, which dictates
the TDC’s resolution.

The ADC system of Fig. 12 is simulated using a C program.
As in Section II, the ADC has 16-bit resolution and operates at
a sampling rate of 100 MS/s. The rms of the clock jitter €[k] is
€rms = 3 X 1074, ice., Atyms = €mTs = 3 ps. To make simu-
lation results agree with the theoretical analyses more closely,
the TCMPs in the TDC are assumed to contain uniformly
distributed ¢ so that the TDC has a uniform quantization step
of size At, =1 ps. The resulting rms of quantization noise is
€g.rms = (1/3/12) x 107, In practice, 72 TCMPs are required
in the TDC to achieve the same €4 ;s if the TCMP’s £ has
the normal distribution G (,s) of (30) with a standard deviation
o = 6.36 ps. For the JCF, M = 7. For the SRF, N = 2'0 and
Qp = (4/5)n. For the low-pass filter of (33), a =213, In
Fig. 15, the circles are the simulation results. They are the
SNRs of the D.[k] signal under various f; frequencies. From
(22) with €. rms replaced by €, yms, the theoretical SNR with
ideal JCF compensation is shown as the dash line. From (8),
the theoretical SNR for the ADC without jitter compensation
is shown as the solid line. The calibration scheme of Fig. 12
improves the SNR by about 20 dB.
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Fig. 15. SNR of the ADC system of Fig. 12 at various input frequencies.

VI. JITTER COMPENSATION SCENARIO 2

The ADC system of Fig. 12 assumes a clean external clock,
which is used as a reference to measure the jitter caused by
the internal clock buffer. Fig. 16 shows an alternative ADC
system with the external clock exhibiting €[] jitter. The system
can correct the sampling errors caused by the clock jitter e[k],
thus allowing the use of cheaper clock source. However, jitter
compensation for this scenario is more complex. Unlike the
system of Fig. 12, there is no clean clock that the TDC can
refer to for measuring the absolute jitter. What can be measured
is the relative jitter between two consecutive sampling instants
[11]. In Fig. 16, the CLK clock dictates the time of kth sampling
at (k + €[k])Ts, where T is the nominal sampling interval and
€[k] is the absolute jitter normalized to T,. The CLK,4 clock
is the CLK delayed by one 7. The sampling time provided
by CLKj, is denoted as (k + €[k — 1])T;. Fig. 17 shows the
relationship between the two clocks. Sampling instants are at
the rising edges of the clocks. The TDC in Fig. 16 measures the
time difference between the kth edge of the CLK clock and the
(k — 1)th edge of the CLK, clock. The measurement result is
the cycle jitter defined as

T[k] = €e[k] — e[k — 1]. 37
The delay between the clock CLK and the clock CLK, should
not introduce additional jitter. It can be realized using a passive
delay line. For the calibration scheme described below, the
accuracy of the realized delay is not crucial as long as it is
constant. If the realized delay is different from 7T, the differ-
ence becomes a constant timing shift between the two input
clocks of the TDC. This effect can be treated as a dc offset
of the TDC. In the proposed scheme, the realized delay is only
required to be close to T so that the offset is small enough to
avoid overloading the TDC.

In Fig. 16, a TDC converts the cycle jitter 7[k] into a D, [k]
sequence. An ADC digitizes the analog input V;(¢) and gener-
ates the corresponding digital output D;[k]. A jitter calibration
processor JCP2 generates the absolute jitter estimation €[k]. A
JCF then uses this €[k] to correct D;[k]. The corrected output is
D_[k]. Fig. 18 shows the block diagram of the proposed JCP2.
A JMT receives D;[k] = m from the TDC as an address and
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Fig. 16. Jitter compensation scenario 2: jittering external clock.
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outputs the content stored in that address. The content T'(m) is
an estimation of the cycle jitter defined in (37), denoted as 7[k].
The absolute jitter €[] is obtained by lossy accumulation of the
7[k] sequence. The operation is expressed as

élk] = 7[k] + b x €[k — 1] (38)
where b < 1 is a constant. The reason to use a lossy accumula-
tor is that a dc component may appear in the quantization noise
of the TDC, which can overflow a lossless accumulator.

To calibrate the content 7'(m) when D,[k] = m, JCP2 in-
cludes two JEs, namely, JE1 and JE2. Both are identical to the
one shown in Fig. 13. JE1 collects D;[k] and its neighboring 2N
samples to extract ¢.[k], which is an estimation of the absolute
jitter €[k]. In addition, JE2 collects D;[k — 1] and its neigh-
boring 2N samples to extract e.[k — 1]. Two jitter estimators
are required since neither estimator can calculate both e.[k]
and e.[k — 1] consecutively. Each estimator can generate only
one valid output for every 2N + 1 samples. Similar to (37), we
define 7.[k] as

Tclk] = €c[k] — €[k — 1]. 39)
In Fig. 18, the content 7'(m) is updated by applying the low-
pass-filter function of (33) on 7.[k] so that T'(m) can approxi-
mate the mean value of 7.[k]. Note that 7'(m) only records the
estimation of the cycle jitter 7[k] when D,[k] = m. This cycle
jitter is denoted as 7(m). The TDC’s dc offset may affect the
value of m, but it has no effect on the accuracy of T'(m).
Combining (39) and (35), neglecting the high-frequency
components that can be removed by the low-pass filter of (33),

Tc|k] can be approximated by

5
TelM > = S

><T[/€]+{

tan(k; + ¢;) — tan [(k — 1)Q; + ¢;)
x 2F, (M, ) '

_ 5, cos ; sin 4l
2w F.(M, ;) 5

i 10 cos(n€2;) x sin 42T )
™ n

n=1

x T[k]

(40)

The first term on the right-hand side of (40) is the desired
jitter estimation, which approaches 7[k]| for large M. The third
term on the right-hand side has a nonzero mean. However, it is
significant only when ; is close to Q5 = (4/5)7 or 25 = 0.
The second term on the right-hand side of (40) demands
special attention. It originates from the fact that, for any specific
m, the sampling interval between the reconstructed D.,.[k] in
JEI and the reconstructed D,.[k — 1] in JE2 is always T +
7(m), as illustrated in Fig. 19. To solve this constant 7(m)
issue, the D;[k] sample used in the SRF of JE2 is replaced
by an interpolated D/ [k], which has its sampling time moved
backward by 7(m). The D[k] can be calculated by using

D;lk] = D;i[k] + T(m) D, [K] (41)

€y
where D, [k] and €,, come from the JCF shown in Fig. 16. When
the calibration process converges, the resulting T'(m) can be
expressed as

—7€); — 58; cos ); X sin (4?”)

- 2nF.(M, ;) — 58; cos ; X sin (4?’7)

T(m)

x 7(m).
(42)

Fig. 20 shows the ratio of T'(m)/7(m) of (42). For M — oo,
the conversion gain approaches 1 for all input frequencies up to
fi = 04fs

In Fig. 18, the final absolute jitter estimate é[k] is obtained by
the lossy accumulation of 7[k], as expressed in (38). Assuming
T(m) = 7(m), from (1), (37), and (38), the rms of the jitter
estimation error can be found as

9 _1-0 9 1

- - 2
T+p < met i e

g,rms*

(43)

e,rms

For an accurate estimation of the jitter e[k], it is necessary to
choose the b coefficient close to 1. However, as b approaches 1,
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Fig. 20. Conversion gain of the JDC using JCP2.

the accumulation of the low-frequency components in ¢, can
become the major source of e.[k]. For a given €,s and €4 rms,
the optimal value of b for a minimum €, yms is

2 2 _ 4 2 2
2€rms + Eq,lrms \/eq,rms + 46rmseq,rms

2¢2

rms

b=

(44)

The ADC system of Fig. 16 is simulated using a C program.
System and design parameters are identical to the ADC de-
scribed in Section V. Since the rms of jitter €[k] is €yms =

100 T T T T T T T
~
- ~
X
90
o -
s
o 80
=
m -
70
| No Compensation
60 1 | 1 1 1 | 10 o
0 0.1 0.2 0.3 0.4
f/f
Fig. 21. Simulated SNRs of the ADC system of Fig. 16.

3x 1074, and the rms of the TDC quantization noise is
€g.rms = (1/3/12) x 1074, an optimal b = 0.9 is chosen for the
lossy accumulation of 7[k]. The circle symbols in Fig. 21 are
the simulation results. They are the SNRs of the D.[k] signal
under various f; frequencies. The proposed jitter compensation
can improve the SNR by about 10 dB. The theoretical SNR by
assuming an ideal JCF for jitter compensation is shown as the
dash line. It is calculated by (22) with €, rms Of (43).

The SNR can be improved by increasing the resolution of the
TDC. Consider a TDC with a uniform quantization step of size
reduced to Ats; = 0.25 ps. Its rms of quantization noise then
becomes €, ;ms = (0.25/4/12) x 107, The corresponding op-
timal value for b is 0.97. The simulation results are shown as the
cross symbols in Fig. 21. The jitter compensation can improve
the SNR by about 16 dB. However, to achieve an equivalent rms
of quantization noise €, ms = (0.25/v/12) x 104, the TDC
must contain L = 236 TCMPs, if the TCMPs have a ¢, with
standard deviation o = 6.36 ps.

VII. IMPLEMENTATION ISSUES

Consider a 16-bit 100-MS/s ADC. To relax the clock jitter
requirement, it employs the jitter compensation system shown
in Fig. 16. For this system, a passive delay line can be used
to provide the T = 10 ns delay to generate the CLK, clock.
Functional blocks, such as TDC, JCP2, and JCF, can be realized
in a standard CMOS technology. They can also be integrated
with the ADC on the same chip.
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Assume the jitter compensation system is realized in a
90-nm-CMOS technology. The TDC consists of L = 127
TCMPs. The TCMP shown in Fig. 7 consumes 26.7 W of
power at a clock rate of 100 MHz. Thus, the TDC consumes
a total power of about 3.39 mW. Its chip area is estimated to be
1000 um?. Note that the resolution and input range of the TDC
depend on the PVT variation of the TCMPs. Comprehensive
characterization of the fabrication technology is required for
optimized design of the TDC.

The JCF is a digital FIR filter, as shown in Fig. 4. If M = 7, it
includes 200 flip-flops, 15 multipliers, and 14 adders. Although
the D;[k] signal is 16 bits wide, a width 8 bits is sufficient when
calculating the D, [k] signal. The h4[n] coefficients are 6 bits
wide. Synthesized by computer-aided-design (CAD) software,
this JCF consumes 2.35 mW of power and occupies an area of
17000 pzm?2.

The JCP2 is also a digital functional block. It contains a JMT
with 128 entries. Each entry is 23 bits wide. The JCP2 shown in
Fig. 18 includes two JEs, i.e., JE1 and JE2, for generating €. [k]
and e.[k — 1]. The two JCFs in JE1 and JE2 and the JCF in
Fig. 16 can share the same hardware. Each JE contains an SRF.
Although the SRF is a FIR filter, to save power and area, it is
realized using the MAC architecture. Each SRF consists of a
multiplier and an accumulator. The two SRFs share a ROM that
stores the filter coefficients h,.[n]. The ROM has N = 2'° en-
tries, and each entry is 18 bits wide. Due to the MAC operation,
each SRF produces only one valid output every 2N + 1 clock
cycles. Synthesized by CAD software, this JCP2 consumes
4.42 mW of power and occupies an area of 185000 pm?. Note
that the JMT occupies about 58% of the JCP2’s total area.
The area and power can be reduced by customized design of
the JMT.

Realized in a 90-nm-CMOS technology, this jitter compen-
sation system consumes a total power of about 10 mW.

VIII. CONCLUSION

High-performance Nyquist-rate ADCs require low-jitter
clocks for input sampling. In this paper, we have proposed
digital signal processing techniques to relax the clock jitter
requirement. Enabling techniques are the stochastic TDC and
the JCF. The TDC comprises a large group of TCMPs and
relies on the statistic variation of the TCMPs for time-to-digital
conversion. The TDC is sensitive to the PVT variations. It
requires calibration for accurate measurement. Our proposed
calibration schemes are based on signal reconstruction. They
can be performed in the background without interrupting the
normal ADC operation.

All the signal processing described in this paper can be real-
ized using digital circuitry. The timing comparators in the TDC
are simple latches and can be realized in any standard CMOS
technology. Thus, both the chip area and power consumption of
the proposed techniques are expected to be reduced as CMOS
technologies advance.
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