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Abstract - This paper analyzes the input-dependent sample-time error 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 Vyj; and Vg 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 jitter effects, which would be the best regarding to the input-dependent sampling

jitter effects.
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I. Introduction

Let us consider the NMOS sampling circuit in Fig.1
(a). Suppose that the sampling clock V. has a fi-
nite slope (Fig.2) and the ideal sampling time is de-
fined to be the negative-going (M + Vjuy,,)-crossing
of Vui. (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 threshold voltage of the NMOS transis-
tor. In other words, the NMOS switch in Fig.1 (a)
turns off when V, is above V;,, by Vipy,. Thus when
Vin 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 fi-
nite slope of the sampling clock effectively causes
input-dependent sampling time error (effective jit-
ter) [1, 2, 3] even though the sampling clock does
not have physical jitter [4, 5]. In this paper we an-
alyze this effect rigorously for NMOS, PMOS and
CMOS sampling circuits.

Throughout this paper, we assume that the input

for a single-ended sampling circuit (Fig.1) is given by
Vin(t) = Asin(wt) + M.

Also the inputs for a differential sampling circuit

(Fig.3) are
A . A
Vin,p (t) = E sm(wt) + M, %n'rrb(ﬂ = 75 Sln(wt) + M.

We also suppose that the sampling clock Vi for
NMOS switches starts to fall at time ¢, (Fig.4 (a)),

and in the falling transient V. is expressed by

Ver(t) = —(Vaa/trr) - (t — tsn) + Vaa- (1)

Also the sampling clock Vg, for PMOS switches
starts to fall at time ¢,, (Fig.4 (b)), and in the rising

transient it is expressed by
Var(t) = (Vaa/trr) - (t — tsp). (2)

II. NMOS Sampling Circuit
2.1 Single-Ended Sampling Circuit

Let us consider the case when V is in the falling
transient state in an NMOS sampling circuit (Fig.1
(a)), and the NMOS switch turns off at time ¢4, +0t,,.

Then we have
‘/clk(tsn + 5tn) = Vbn(tsn + 6tn) + ‘/thn

and it follows from eq.(1) that

V.
7ﬂ6tn + Vdd = ‘/in(tsn + 6tn) + ‘/th,n-
irr
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Then we have In this case, Signal-to-Distortion Ratio (SDR) is

given by
tsn + Oty
trr SDR = 20logy0 -5 = 20 logyy - (4B
= tsn+ _(Vdd - ‘/;n(ts7L + 6tﬂ) - ‘/thn) - 0810 A2 tTR/(QVdd) - 0810 AWtTR [ ]
t
~ tgn + ;R (Vaa — Asin(wt) — M — Vipy) Remark  The above equation yields to
dd
= ¢ + §tn' Vdd Vld
refn SDR = 201og1 5 = 20logyg 57—
Here, t..f, is the reference (ideal) sampling time 9 Vig
(Fig.4 (a)) and dt,, denotes the deviation of the ac- +20 10%10 =20logyg 7—F— A firn —4[dB].
PP

tual sampling time from ¢,..¢,, which are given by
This corresponds to the result in [3] which was de-
trofy = ton + tT_R(Vd a— M —Ving) rived empirically by simulation.
v
4 2.2 Differential Sampling Circuit
5t = _trrA sin(wt) Now consider a differential sampling circuit (Fig.3
b, i= s .
dd (a)), and Fig.5 (b) illustrates ideal and actual sam-
Since pling points. Similarly we have their sampled out-
d puts:
Vin(tretn + 0tn) & Vin(trepn)+[ - Vin ()] ,—, . 05, A t
mireln nCrefn [dt " L*trefn " Voutp(t) = 5 sin(wt + L)g )) + M,
the sampled output is given by
A LUy
Voutm (t) =~ —3 sin(wt — T) + M.

Vout (t) = Asin(wt + ¢(¢)) + M
Then the differential output is given by

where  ¢(t) := Awtrr sin(wt)

Vdd ’ ‘/out(t) = ‘/outp(t) - Voutm(t)
We see that the input dependent sampling jitter = %[sin(wtf @)Jrsin(wzﬂr @)}

causes phase modulation. Fig.5 (a) illustrates ideal

—  Asin(wt) cos(@) ~ Asin(wt) - (1 — éqﬁ(t)z)

and actual sampling points.

3420283 A3t}
Awt — _ 22 W ITRy L WITR
When SR <<l then |o()] << 1, A= gy, ) sin(el) + g T sin(3et)
dd
A2

~ Asin(wt) + sin(3wt).

and we have the following sampled output: 32V2

Vourt () = A[sin(wt) cos(4(t)) + cos(wt) sin(P(t ))J + M We see that the second harmonic (which is the most

1 dominant error) i lled, and SDR is gi b
~ A[sin(wt)(l B —¢(t)2) + cos(wt) - ¢(t)} M ominant error) is cancelled, an is given by

340 Awtrr SDR =201 32V =2{201 QV‘“ +18 [dB
= AQ1- Wdﬂ%) in(wt) + Vi sin(2wt) 9810 42242 0810 2= [dB].
A%ﬂg% R gin(3wt) + M Next we will consider the case that clkp and clkm
8Viu in Fig.3 (b) has a skew of ts,,. We have
A0t
~ Asin(wt) + TR sin(2wt) + M. A 1
2V Voutp(t) = ) sin(wt + i(qﬁ(t) — wtskw)) + M,

We see that when Awtrpr/Vaa << 1, the second har- A 1
monic is dominant rather than the third harmonic. Voutm (t) ~ ) sin(wt — §(¢(t) — Wlskw)) + M.
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Then the differential output is given by

Vout(t) = ‘/autp(t) - ‘/outm(t)
~ ag+ Asin(wt) + ag cos(2wt) + bz sin(3wt),

where ag :=af, a2:=—-af, b3:=a/8
o A3w2t%R 8= Vadt skw .
vz 2AtrR

Also SDR is given by

a? + (a3 +03)/2
A2)2

2Vaa
2 {20 1o, 7AthR}

+18 — 101log;( (6462 + 1)  [dB].

SDR 1010g10

3. PMOS Sampling Circuit

The reader can refer to [6] in PMOS sampling circuit
case (Fig.1 (b)).

4. CMOS Sampling Circuit

Consider the CMOS sampling circuit in Fig.1 (c).
4.1 Zero Clock Skew Case

Suppose that there is no skew between V., and Viy;
in other words t..f, = trefp a8 shown in Fig.6 (a).
A. Single-Ended Sampling Circuit:  Fig.7 (a) il-
lustrates ideal and actual sampling points. Noting
that the CMOS switch is off when both NMOS and

PMOS switches are off, we have the sampled output

as follows:
Vout (t) = Asin(wt — |¢(t)]) + M
= A[sin(wt) cos(|g(1)]) — cos(wt) sin(|6(1)])] + M
~ A[sin(wt)(l — l¢(t)2) — cos(wt) - |qb(t)|] +M
3A%w 2t2 A3w22.
= Al- W;R) in(wt) + # sin(3wt)
_ Awtrr

cos(wt)| sin(wt)| + M.
dd

Noting that |sin(wt)]

{1722 cos(2nwt) }7

we see that V() has odd harmonics but does not

have even harmonics.

4A2thR

Vo) e

Asin(wt) + cos(wt) cos(2wt) + M

2A2thR

~ Asin(wt) + cos(3wt) + M.

31V
Then SDR is given by
3 Vdd 2Vdd
SDR =201 =201 7.44 [dB].
81051 7 9 Aw 0810 Avtrn + [dB]

B. Differential Sampling Clircuit : For a differen-

tial circuit, the sampled outputs are given by

VO‘lLtp(t) ~ gsjn(wt |¢( )|) M,
Voutn (1)~ ~ 8 sin(ot ~ ot o0l |y
Vout (t) 1= Voutp(t) — Vourm (t) = Asin(wt — @)_

Fig.7 (b) illustrates ideal and actual sampling points.
We see that the phase modulation index (the in-
tensity of the phase modulation) due to the input-
dependent sampling jitter is reduced by a factor of
2. However, the harmonics caused by it are not can-
celled because all of them are odd harmonics; using
a differential circuit does not help reduce harmon-
ics caused by input-dependent sampling jitter in a
CMOS sampling circuit without clock skew.

4.2 Finite Clock Skew Case

Suppose that there is a finite timing skew tggeq be-
trefn — trefp # 0 as
shown in Fig.6 (b)) and wtskew << 1. Note that the
clocks for NMOS and PMOS switches are respec-
tively given by

tween Vi, and Vi, ( tskew =

tskew )

Var(t) = “irn —(t—tsn — 5 + Viaa
J— V, t
‘/{:lk (t) = tﬁ(t - tsp + Sk;w )

TR

A. Single-Ended Sampling Circuit : We have the

sampled output

Vot (8) = Asin(wt — [9(8) — Z222)) + g
= A[sin(wt) cos(|a(t) - W“%D
~ cos(wt) sin(|o(t) — Z2E2))] 401
< dsin(et) (1= (00 - <)

tS ew
— Acos(wt) - |p(t) — sk —— |+ M.
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Let €= (Vddtsk:ew)/(zAtTR)

and note that in case that —1 <e <1,
_ Wiskew |

6(6) ~ 5

_ | Ath R

tsk
sin(wt) — Lhskew }
dd 2
Awtrr | .
= sin(wt) — €
2L i) —
QAWtTR [ _
~ T2/l —e4esin?
pv €2+ esin” " (e)

— [sin"*(e) 4+ 3eV/1 — €] sin(wt)
- g(l +5¢2)V/1 — €2 cos(?wt)] ,

in case that 1 <,

Wtskew Awt
l6(1) - =52 =~

2 Vi (sin(wt) — ¢),

and in case that e < —1,

wt kew AthR
o(t) - ——I=

5 Vs (sin(wt) — e).

Then we have the following:
(i) In case that —1 <e < 1:

Vout (t) =~ Asin(wt)
2
+ Awirr [sinfl(e) +3ev1— 62] sin(2wt)

TVaa

242

ﬂ(l + 5¢2)y/1 — €2 cos(3wt) + M.
37Via

2V,
SDR = 201log,) —2 4 7.44 — 10log,, y [dB].
AthR
2
Here ~:= %sin_Q(e) + 77 1—e2sin~!(e)

+(1 +56%)? + %ez](l —é).

(ii) In case that e > 1:

AZ
Vout(t) =~ Asin(wt)+ wirn sin(2wt) + M.
dd
2V
DR =201 BJ.
SDR 0logyg Awtrp [dB]

This corresponds to an NMOS sampling circuit case.
(iii) In case that e < —1:

AzthR

Vout(t) ~ Asin(wt) — Vi

sin(2wt) + M.

2V,
SDR = 20log;, Ttd;R [dB].

This corresponds to a PMOS sampling circuit case.
B. Differential Sampling Circuit:  We have the

sampled outputs

A . 1
Voutp(t) = 3 sm(wt - 5\@5(1&) - wtskew|) + M,

A 1
‘/out'm,(t) ~ 75 sin(wt - §|¢(t) + WtskewD + A[7

V;Jut(t) = Voutp(t) - ‘/outm (t)
~ Asin(wt — i{\(i)(t) — Whsgew| + |0(t) + Whikew|})
x - con({16(0) — tureul ~ 900) + titeul).

(i) In case —1/2 <e<1/2:

Vout () = Asin(wt) + 3 cos(3wt) + d sin(3wt),

Alwt
where 3= = IR (1+20€?)v/1 — 4e2,
37V

3,242
dy = ———TR 5in=2(2¢).
2
8m2V2,
We see that even-order harmonics are cancelled.

AZ
SDR = 10log,, Z+d [dB].

(ii) In case e < —1/2 or € > 1/2:

A302%¢2

Vour(t) ~ Asin(wt) + ——TE gin(3wt).
3202
3212,

This corresponds to an NMOS or PMOS sampling
circuit case.

Figs.9 and 10 show numerical simulation results of
SDR due to the input-dependent sampling jitter.
5. Conclusion
We have analyzed the input-dependent sample-time
error in MOS sampling circuits caused by the finite
slope of the sampling clock, and the results would
be useful for designing high-speed CMOS sampling
circuits.
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Fig.1: NMOS, PMOS and CMOS sampling circuits.
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Fig.2: Waveforms for V;;,, and V. to illustrate how

a finite slope of Vi introduces V;,-dependent sam-
pling time error (effective jitter).
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Fig.3: Differential sampling circuits. (a) Without
clock skew. (b) With clock skew of tsx, between
clkp and clkm.
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Fig.4: Sampling clocks Vi, Ve and reference sam-
pling timing #,f), brefp: (a) NMOS sampling cir-
cuit. (b) PMOS sampling circuit.
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Fig.5: (a) Ideal (-) and actual (o) sampling points in

a single-ended NMOS sampling circuit.
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Fig.5: (b) Ideal (-) and actual (o) sampling points in
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Fig.6: Sampling clocks Vg, Ve in a CMOS sam-
pling circuit. (a) Without skew. (b) With skew of
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tskew between Vi and V.
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Fig.7 (a): Ideal () and actual (o) sampling points in
a single-ended CMOS sampler without clock skew.
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Fig.7 (b): Ideal () and actual (o) sampling points in

Y Y f—— M+V thn
a differential CMOS sampler without clock skew.
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Fig.8 (a): Ideal (-) and actual (o) sampling points
in a single-ended CMOS sampler with clock skew of
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Fig.8 (b): Ideal (-) and actual (o) sampling points
in a differential CMOS sampler with clock skew of
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Fig.9: Calculated SDR based on derived formulas

versus Awtrr/Viq. (a) A single-ended NMOS sam-
pler. (b) A differential NMOS sampler. (c) A single-
ended CMOS sampler without clock skew. (d) A
differential CMOS sampler without clock skew.
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Fig.10: Calculated SDR based on derived formulas
versus clock skew in CMOS sampling circuits. The
horizontal axis indicates € := (Aw?*trptskew )/ (2Vaa),
where Awtrg/Vaq = 0.05. (a) A single-ended CMOS
sampler with clock skew. (b) A differential CMOS
sampler with clock skew. The SDR curve (b) in
Fig.10 increases for a large e€; this is because as €
increases the second-harmonics (which can be can-
celled 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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