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Input-Dependent Sampling-Time Error Effects Due to Finite Clock

Slope in MOS Samplers

Naoto HAYASAKA', Student Member and Haruo KOBAYASHI'®, Member

SUMMARY  This paper analyzes the input-dependent sample-time er-
ror in MOS sampling circuits caused by the finite slope of the sampling
clock, and clarifies the following: (i) Input-dependent sampling jitter
causes phase modulation in the sampled data. (ii) The formulas for SDR
due to such sampling errors are explicitly derived. (iii) NMOS sampling
circuits generate even-order harmonics, which are greatly reduced by using
a differential topology. (iv) CMOS sampling circuits without clock skew
between Vi and Vi generate odd-order harmonics which a differential
topology cannot help cancel, whereas circuits with clock skew generate
even-order as well as odd-order harmonics. (v) For single-ended sampling
circuits, the SDR of CMOS circuits without clock skew is better than that
of NMOS circuits. (vi) NMOS differential sampling circuits are relatively
insensitive to input-dependent sampling-time error effects, which would be
the best regarding to the input-dependent sampling-time error effects. (vii)
Its effects in case of NMOS differential samplers with finite skew between
plus and minus path clocks are discussed. (viii) Its effects in CMOS sam-
plers with finite skew between PMOS and NMOS clocks are discussed.
key words: sampling, jitter, MOS switch, track/hold circuit, ADC

1. Introduction

Let us consider the NMOS sampling circuit in Fig. 1(a),
whose topology is popular in high-speed, medium resolu-
tion (6-8 bit) CMOS ADCs [1], [2]. Suppose that the sam-
pling clock V. has a finite slope (Fig. 2) and the ideal sam-
pling time is defined to be the negative-going (M + Vy,)-
crossing of V. (Here Vi, is the threshold voltage of the
NMOS transistor.) Then the actual sampling time is that
when V. passes through the value when it exceeds a thresh-
old voltage of the NMOS transistor. In other words, the
NMOS switch in Fig. 1(a) turns off when V. is above V;,
by Viu,. Thus when V;, is above M, the actual sampling time
is earlier than the ideal sampling time, whereas when V;, is
less than M, it is later. Then we see that the finite slope of the
sampling clock effectively causes input-dependent sampling
time error (effective jitter) [2]-[4] even though the sampling
clock does not have physical jitter [5], [6]. There are many
nonidealities in MOS sampling circuits (such as clock jit-
ter, charge injection, finite bandwidth), and in this letter we
will focus on the effects of the sampling clock finite slope;
we will analyze this effect rigorously for NMOS and CMOS
sampling circuits (as shown in Fig. 1 and which are used for
6-8 bit high-speed CMOS ADCs) in order to estimate a re-
quired slope of the sampling clock for a specified Signal-to-
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Fig.2  Waveforms for V;, and V. to illustrate how a finite slope of Vi
introduces V;,-dependent sampling-time error (effective jitter).
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Fig.3  Differential sampling circuits. (a) Without clock skew. (b) With
clock skew of 7, between clkp and clkm.

Distortion Ratio (SDR), as well as allowable clock skews in
CMOS single-ended samplers, and NMOS, CMOS differen-
tial samplers. Since we focus on the effects of the sampling
clock finite slope, we simplify the problem formulation as
follows:

(i) We assume that the input for a single-ended sampling
circuit (Fig. 1) is given by

Vin(t) = Asin(wt) + M (1)

and the inputs for a differential sampling circuit (Fig. 3) are

A
Vinp(t) = 5 sin(wt) + M,
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Fig.4 Sampling clocks Vi, Ve and reference sampling timing frefn,
Irefp- (@) NMOS sampling circuit. (b) PMOS sampling circuit.

A
Viam(t) = ) sin(wt) + M.

(ii)) We suppose that the sampling clock V. for NMOS
switches starts to fall at time ¢, (Fig. 4(a)), and in the falling
transient V,y is expressed by

Ver(®) = =(Vaa/trr) - (t = tsn) + Vaa. )

Also the sampling clock V,; for PMOS switches starts to
rise at time 7, (Fig.4(b)), and in the rising transient it is
expressed by

V(@) = (Vaa/trr) - (t — typ). 3)

(iii) The sampling clocks do not have (physical) jitter.

(iv) In the CMOS sampling circuit in Fig. 1(c), the sampling
clocks for NMOS and PMOS switches can have a finite
skew.

(v) The sampling clocks for the differential circuit in Fig. 3
can have a finite skew.

(vi) The effects of the MOS switch finite on-resistance, body
effect (though we mention some comments on the MOS
switch body effect in Sect. 2.1), finite drain-source voltage
and charge injection are not taken into account. Also the
device mismatch effects in differential sampling circuits in
Fig. 3 are not considered. We assume that Vi, = —Vy,,
where Vi, Vip, are NMOS, PMOS threshold voltages re-
spectively.

2. NMOS Sampling Circuit
2.1 NMOS Single-Ended Sampling Circuit

Let us consider the case when V. is in the falling tran-
sient state in an NMOS sampling circuit (Fig. 1(a)), and the
NMOS switch turns off at time f;-yeuar := tsn + Ot,. Here,
ot, denotes the deviation of actual sampling time from #g,
(Fig.4(a)). Then we have from OFF condition for NMOS
switch

Vclk(tsn + 6tn) = Vin([sn + 6[n) + Vinn- (4)
It follows from Eqgs. (2), (4) that

V,
_ﬂétn + Vdd - in([sn + 6[n) + Vzhn~ (5)
ITR
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Fig.5 Ideal (-) and actual (o) sampling points in a single-ended NMOS
sampling circuit.

clk

Then Eq. (5) gives us the following:
Fs-actual = ten + Oy

t
= Iyt %(Vdd = Vinltsn + 0t2) = Vi)
dd

ITR .
= Iyt _(Vdd -A Sln(wtx-aczual) -M - Vzhn)
Vaa

= tren + OF),. (6)

Here, t.f, is the reference (ideal) sampling time (Fig. 4(a))
and ¢t, denotes the deviation of the actual sampling time
from #.s,, which are given by

t
Trefn 1= Isn + %(Vdd - M — Vi), @)
dd
trRA
51‘,/1 = -k Sin(a)ts—actual)- (8)
Via

Let us denote fg, as ¢, and we have the following sampled
output from Egs. (7), (8):

Vour(t) ~ A sin(wt + ¢(1)) + M, )
where
Awirg .
P(t) := ———— sin(wt). (10)
Vaa

We see from Egs.(9), (10) that the input dependent
sampling-time error causes phase modulation. Figure 5 il-
lustrates ideal and actual sampling points.

Awt
When WITR <1,
Vaa

then |¢(1)| < 1,

and Egs. (9), (10) give us the following sampled output:

Vou(t)
~ Al sin(wt) cos(p(t) + cos(wt) sm(qb(t))] +M

~ Al sin(wn)(1 - —¢(t)2) + cos(wr) - ¢(0)] + M

[
[
(-2

2
t
= sin(wt) — IR sin(2wt)
A3
IR sin(3wt) + M
V2
dd
A’wt
~ Asin(wr) — =R GnQwi) + M. (11)




LETTER

We see from Eq. (11) that when Awtrgr/Vae < 1, the second
harmonics is dominant rather than the third harmonics. In
this case, Eq. (11) gives us the following:

A
SDR = 201 _—
%810 AZerR/(zvdd)

[d I 12)

20 log10 A

Remark: (i) Eq. (12) yields to

SDR =

——— —4[dB]. (13)

Equation (13) corresponds to the result in [4] which was
derived empirically by simulation; but note that [4] does not
discuss differential samplers or CMOS samplers including
clock skew effects which we will discuss in the following
sections.

(ii) Let us consider the body effect of the NMOS switch.
Suppose that the body of the NMOS switch is connected to
ground in Fig. 1(a), and then its threshold voltage Vi, in-
creases as V;, (which is equal to its source-bulk voltage) in-
creases. Note that as V;, is at higher level, the NMOS turns
off earlier due to the finite clock slope, but the body effect
(the increase of Vy;,,) makes the turn off time later. Thus
the body effect makes the sampling time error (between the
sampling timings for higher and lower levels of V;,,) smaller,
and hence it helps improve SDR given by Eq. (12). Since the
amount of the body effect depends on MOS process (sub-
strate doping density) and is nonlinear, we just point out this
qualitatively.

2.2 NMOS Differential Sampling Circuit
Now consider a differential sampling circuit (Fig. 3(a)), and

Fig. 6 illustrates ideal and actual sampling points. Similarly
we have their sampled outputs:

Vourp() ~ 4 7 sin (a)t + %) M, (14)

A TNTRL
NN

M+Vtin

clk

Fig.6  Ideal (-) and actual (o) sampling points in a differential NMOS
sampling circuit.
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AL o)
Vourm (1) ~ > sm( t > ) + M. (15)
Then Egs. (14), (15) give us the differential output:
out(t) - Voutp(t) outm(t)
A
= E[sin( t—?) ((ut+ @)]
= A sin(wt) cos (¢; ))
. |
~ Asin(wt) -1 = —¢(t)
3420282 A2
= A(l #] -sin(@h) + =% sin(3wr)
32vy, 32vy,
3,20
~ Asin(wr) + R sin(3wr). (16)
dd

We see from Eq. (16) that the second harmonics (which is
the most dominant error in the NMOS single-ended sampler
case) is cancelled, and we have

2

SDR = 201 2Vaa
= o
glO A2(,U2t%~R

2V,
=2 [20 log, Awt""R + 18 [dB]. (17)

Next we will consider the case that plus-path clock (clkp)
and minus-path clock (clkm) in Fig. 3(b) has a finite skew of
tow- We have

outp(t) ~ 4 SlIl ((’-)[ + (¢([) (’-)[skw)) +M, (18)

Voutm(t) ~ _% sin (U.)[ - §(¢(t - U-)tka)) + M. (19)

From Egs. (18),(19), the differential output is given by

ouz(t) = Vomp(t) outm(t)
~ ag + A sin(wt) + a; cos(Qwt) + b3 sin(3wt) (20)

where ay := —af3, ay := af, by := a/8,
- A3a)2[%R = Vaatskw
4v2, 2Atrg

Also it follows from Eq. (20) that SDR is given by
A?)2
SDR = 10log,, _A4n
a3+ (@ + b))
2V,
=2 [201og10 BaA A S T
— 101og,((648% + 1) [dB]. 21

Remark : Similar results described in Sect.2 can be ob-
tained for the PMOS sampling circuit in Fig. 1(b).

3. CMOS Sampling Circuit

Consider the CMOS sampling circuit in Fig. 1(c).
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Fig.7  Sampling clocks Vi, Vo in a CMOS sampling circuit.
(a) Without skew. (b) With skew of 7, between V. and V.

;N
e

clk NN\ N

X A I X

clk 7 7 7

[—— M+Vihn
7 M-|Vinp|

Fig.8 Ideal (-) and actual (o) sampling points in a single-ended CMOS
sampler without clock skew.

3.1 Zero Clock Skew Case

Suppose that there is no skew between NMOS clock (Vi)
and PMOS clock (V,); in other words trefy = tefp as shown
in Fig. 7(a). The time when V 4 (f) = M + V};, and the one
when Vi y (1) = M — |Vy,,| are the same.

A. CMOS Single-Ended Sampling Circuit:  Figure 8
illustrates ideal and actual sampling points. First, let us con-
sider a CMOS single-ended sampler in Fig. 1(c). Noting
that the CMOS switch is off when both NMOS and PMOS
switches are off, we have the sampled output as follows:

Vour(t) = A sin(wt + |¢(2)]) + M
= A [sin(wt) cos(|p(1)) + cos(wr) sin(|p(D))] + M

Q

A [sin(wt)(l - 1q)(t)z) + cos(wi) - |p(0)|| + M

3A2 2t2 3,22
~ A1 = 22 0R ) Gingor) + IR Sin(3wr)
8 2
Vdd dd
A’wt
+ YR os(wi)| sin(wn)| + M. (22)
Noting that
. cos(2nwt)
H=-[(1-2 R
| sin(wt)| = [ Z A2 1 }

Eq. (22) yields to the following:
Vour(t) = A sin(wt)
4A20)ITR

cos(wt) cosQuwt) + M
3nVaa
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Fig.9 Ideal (-) and actual (o) sampling points in a differential CMOS
sampler without clock skew.

242wt
~ Asin(wr) — b L

Tvdd cos(3wr) + M. 23)

We see from Eq. (23) that the dominant harmonics of V,,,(¢)
is the third one, and even-order one is negligible. Also SDR
is given by

3V,
SDR = 201og,, 2: t"d

2Waa
= 20logyy —+ 7.44 [dB]. 4)

B. CMOS Differential Sampling Circuit:
ential circuit, the sampled outputs are given by

Vourp(t) = %sin (wt + @) + M,

Vaun() = =5 sin o+ 50 ) b,

For a differ-

2

aut(t) - Vautp(t) autm(t)
= Asin ( t+ M)

2

1
IR osGuwr). (25)
d

A
~ Asin(wt) —

Then we have the following from Eq. (25):

371'Vdd
Awtrg

2V
= 20log)y 7+t

SDR = 20log,,

+ 13.46 [dB]. (26)

Figure 9 illustrates ideal and actual sampling points. We see
that the phase modulation index (the intensity of the phase
modulation) due to the input-dependent sampling-time error
is reduced by a factor of 2. However, the harmonics caused
by it are not cancelled because all of them are odd harmon-
ics; using a differential circuit does not help reduce the har-
monics caused by input-dependent sampling-time error in a
CMOS sampling circuit without skew.

3.2 Finite Clock Skew Case

Suppose that there is a finite timing skew ., between V
and Ve (fskew = tefn — trefp # 0 as shown in Fig. 7(b)) and
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Fig.10  Ideal (-) and actual (o) sampling points in a single-ended CMOS
sampler with clock skew of gy

Wtgew < 1. Note that the clocks for NMOS and PMOS
switches are respectively given by

V tY ew
Velt) = =22 (1 =t = 52} 4 Vg, @7
ITR 2
37 V tS ew
Vor(t) = ~4d (r PR ) (28)
ITr 2

Then it follows from Eqgs. (27), (28) that the turn-off timings
of NMOS and PMOS switches are given by

ton + Oty = tren + OF, + ts"z"’w (29)
Lyp + Oty = lrefp + 61, — tfg"w. (30)
A. CMOS Single-Ended Sampling Circuit: Figure 10

illustrates ideal and actual sampling points. It follows from
Egs. (10),(29) that we have the sampled output:

Whskew

)
) o

~ ASln(U.)t)(l - = (¢([) + wtszkew) )

Vour(f) = A sin (a)t + |o(r) + kew

)+ m

W siew

&) +

= A |sin(wt) cos(

W skew

o) +

+ cos(wt) sin (

Wlskew

+ A cos(wt) ‘q&(r) + —

+ M. 31D
Let

€ := (Vaatskew)/QAtrR),

and note that in case that -1 < e < 1,

wtskew
'¢(t) +—
Awt . wt
= ‘ s1n(wt) _ Loskew
dd 2

Awtrg | .
= ——|sin(wt) — €
Vaa

2Awt
~ wTR[V 2+ esin”!(e)

T Vdd

- [sm Ye) +3e V1 - 62] sin(w?)

1019
2
—5(1 +5€*) V1 — €2 cosur) |, (32)
incasethat 1 <e,
tS ew A t .
() + Lskew) _ AR (G wr) — e, (33)
Vaa
and in case that € < —1,
lokew | _ AwiTR
'¢(r) Dlskew| _ ZOTR (Gin(wr) — ). (34)
Vaa

Then we have the following:
(i) In case that —1 < € < 1: Egs. (10), (31), (32) give us

Vou(t) = Asin(wr)

2A t
wTR[V - +esin!(e)
A

—5(1 +5e) V1 -

cos(wt)

Azwtm

[sin_l(e) +3eV1 - 62] sin(Qwt)

Vaa

2A%wt
TR (1 + 5€) VI = € cos(Buwi) + M.

37TVdd

2
SDR = 20 log10 Vag

+7.44 - 10log;,v [dB]. (35)
Here

9 27
y = 1 sin_z(e) + 7 V1 -¢€2 sin"(e)

+|(1 +5€2)? L3 }(1 ).

(ii) In case that € > 1: Egs. (31), (33) give us

Aot
V(0 ~ A sin(wr) — ——IR sinQuwr) + M.

Vaa

SDR = 201log,, Az_ [dB]. (36)
R

This corresponds to the NMOS sampling circuit case.

(iii) In case that € < —1: Egs. (31), (34) give us

A’wt
Vo) ~ A sin(wi) + IR

sin(2wt) + M.
2
SDR =201log,g ——— 1o Vaa [dB] (37

This corresponds to the PMOS sampling circuit case.

This corresponds to the NMOS or PMOS sampling circuit
case. Also we see from Egs. (38),(40) that even-order har-
monics are cancelled.

B. CMOS Differential Sampling Circuit:  Figure 11
illustrates ideal and actual sampling points. It follows from
Eqgs. (10), (29), (30) that we have the sampled outputs

A 1
outp(t) ~ SlIl Wt + §|¢(t) + (’-)tskewl) + M,
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Fig.11  Ideal (-) and actual (o) sampling points in a differential CMOS
sampler with clock skew of gy
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Fig.12  Calculated SDR based on derived formulas versus Awtrg/ V4.
(a) A single-ended NMOS sampler. (b) A differential NMOS sampler.
(c) A single-ended CMOS sampler without clock skew. (d) A differential
CMOS sampler without clock skew.

A 1
Voutm(t) ~ _5 sin ("-)t + §|¢(t) - wtskewl) + Ma
Vour (1) := Voutp(t) = Vourm(?)

~ Asin (wr + 31000 + il +1600) - wrm,n)

1
X Cos (Z{W’(I) + wtskew| - |¢(t) - wtskew“) .

(i) Incase —-1/2 <e<1/2:
Vour(t) = A sin(wt) + ¢3 cos(3wt) + d3 sin(3wr) (38)

where
AzthR )
3= — TR (1 4+ 20e2) V1 - 4€2,
37TVdd
A30.)2l2
dy := ——1% sin"*(2e).
872V3,
A2
SDR = 10log,, —— [dB]. 39
£10 C% I d% [ ] ( )

(ii)Incasee < —1/2o0re > 1/2:
W,

3212,

Vour(H) = Asin(wt) + sin(3wt). (40)
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Fig.13  Calculated SDR based on derived formulas versus clock skew
in CMOS sampling circuits.  The horizontal axis indicates ¢ :=
(Vaatskew)/ QAtTR), Where Awtrr/Vaa = 0.05. (a) A single-ended CMOS
sampler with clock skew. (b) A differential CMOS sampler with clock
skew. The SDR curve (b) increases for a large €; this is because as e
increases the second-harmonics (which can be cancelled by a differential
topology) increases while the third-harmonics decreases. Note that for a
very large €, the CMOS sampling circuit becomes equivalent to the NMOS
(or PMOS) sampling circuit.
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Fig.14  Calculated SDR based on derived formulas versus clock skew
in differential NMOS sampling circuits. The horizontal axis indicates
B = (Vaatskw)/ (2Atrr), where Awtrr/Vaqa = 0.05. (a) A differential NMOS
sampler with clock skew. (b) A differential NMOS sampler without clock
skew. (c) A differential CMOS sampler without clock skew.

32V3,
SDR = 201log,, FERn [dB]. (41)
TR

Figures 12, 13 and 14 show numerical simulation re-
sults of SDR due to the input-dependent sampling time
error; Fig.12 is based on Egs.(12), (17), (24), (26), and
Fig. 13 uses Eqgs. (35)—(37), (39), (41), while Fig. 14 is given
by Egs. (17), (21), (26).

4. Conclusion
We have analyzed the input-dependent sample-time error in

MOS sampling circuits caused by the finite slope of the sam-
pling clock and clarified the followings:
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Input-dependent sampling-time error causes phase
modulation in the sampled data.

The formulas for SDR due to such sampling errors are
explicitly derived.

NMOS sampling circuits generate even-order harmon-
ics, which are greatly reduced by using a differential
topology.

CMOS sampling circuits without clock skew between
V. and V. generate odd-order harmonics which a dif-
ferential topology cannot help cancel, whereas circuits
with clock skew generate even-order as well as odd-
order harmonics.

For single-ended sampling circuits, the SDR of CMOS
circuits without clock skew is better than that of NMOS
circuits.

NMOS differential sampling circuits are relatively in-
sensitive to input-dependent sampling-time error ef-
fects, which would be the best regarding to the input-
dependent sampling-time error effects.

Its effects in case of NMOS differential samplers with
finite skew between plus and minus path clocks are dis-
cussed.

Its effects in CMOS samplers with finite skew between
PMOS and NMOS clocks are discussed.

These results can be used to estimate a required slope of the
sampling clock for a specified SDR of MOS samplers, as

1021

well as allowable clock skews in CMOS single-ended sam-
plers, and NMOS, CMOS differential samplers.
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