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Abstract

This paper presents a novel fully dynamic double tail dynamic comparator that exhibits low offset voltage compared to the
traditional dynamic comparators. This paper comprises a novel fully differential double tail high performance comparator
suitable for low-voltage low-power applications. A fully differential double tail comparator has been intended to meet the
necessity of low offset voltage with optimum power with relatively high speed. In this paper expression for the calculation
of the offset voltage and delay of the proposed comparator are derived. These expressions corroborate previously stated
results with analytical support as well as providing useful insight for the design of dynamic comparator by analyzing the
influence of each transistor pair individually. Transistor mismatch analysis is carried out for offset voltage to fully explore
the trade-offs in the design of comparator. The results are validated by Monte Carlo simulations and corner analysis. It is
shown that in proposed comparator offset voltage is significantly reduced with optimum power. Authors have proposed
novel architecture of dynamic voltage comparator which is differential and double tail and verified the architecture by
simulation in 180 nm CMOS technology with + 0.9 V supply. The Post-layout simulation results illustrates that a
comparator designed with the proposed techniques is 45% faster, and 30% more power efficient and exhibits 91% low
offset as compared with conventional comparator, which is the fastest among the conventional comparators.

Keywords Comparator - Fully differential dynamic comparator (FDDC) - Fully differential double tail dynamic comparator
(FDDTDC) - Analog to digital converters (ADCs) - Propagation delay - Offset voltage - Power dissipation

1 Introduction The performance of a comparator will determine overall

performance of A/D converter because of large number of

The incredible demand for high performance ADC is
forcing towards the employ of dynamic comparator to
optimize the speed-power trade-off. In most of all ICs, a
significant component called ADC, that bridges the gap
between the analog world and the digital systems, is used.
The comparator forms the main heart of any ADC archi-
tecture used in contemporary technology for conversion
from analog to digital and vice versa. The accuracy of such
converters has strong relation on design of inter stage gain
amplifier and comparator.
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comparators is used compared to inter stage gain amplifier.
The large number of comparator makes it the most critical
block of a ADC architecture, not allowing efficient back-
ground calibration of all the comparators which directly
affects the effective resolution of the ADC due to the
comparator input offset voltage.

The overall performance of ADC the speed and the
power consumption of the comparator have significant
effect; owing to the enormous number of comparisons in
ADC [2]. The speed of the ADC is prime concern for high
speed digital system and speed of comparator is the key
factor [3]. The prerequisite to prolong the battery life of the
digital system, speed and accuracy of the ADC is major
concern; for comparator it is essential to have low offset,
high speed with optimum power. In recent years the
emphasis has been given towards the design of high speed
comparator with power optimization. The comparator cir-
cuits should be immune to speed, power and offset trade
off.
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Several approaches have been proposed in the literature
discussed either differential architecture or double tail
architecture with offset voltage varies from 10 to 50 mV.
In comparators, a lower offset comes at the cost of bigger
transistor dimension therefore it will lead to more power
dissipation and increased in delay. In addition, the tradi-
tional comparators are difficult to design and there are not
many design procedures to diminish the offset voltage. To
decrease power spending and area of the comparators,
dynamic comparators are proposed [3-6]. However, such
comparators generally experience comparatively large
offset voltage in comparison to static comparators [6, 7].
Some designs have been proposed for dynamic compara-
tors in the literatures. The dynamic comparators are cate-
gorized into three groups: Resistor divider [6], Differential
pair and Charge Sharing dynamic comparator [6]. Other
structures are mainly derived from these architectures
[3-8].

The designs proposed in literature, few are anxious with
speed [7], few give emphasis to power optimization and
enhance resolution [2], some on offset elimination [6]. In
this paper authors come out with novel design one with low
offset with optimum power and speed.

In order to break the deadlock between offset and power
consumption authors have proposed novel architecture
which combines the features of differential pair and double
tail. The proposed architecture is more robust against any
misalignment and non idealities. More importantly, it
involves a significantly smaller input offset voltage without
sacrificing speed and power penalty.

The paper is organized in 5 sections; Sect. 2 discussed
the existing architecture of fully differential dynamic
comparator (FDDC). Section 3 presents the novel archi-
tecture of fully differential double tail dynamic comparator
(FDDTDC). Section 4 discussed the design consideration
and simulation results, Sect. 5 conclude the paper.

2 Existing architectures of fully differential
dynamic comparator

The existing fully differential dynamic comparator
(FDDC) structure is illustrated in Fig. 1 [7]. When Oy
goes high comparator makes the decision. For the tail clock
signal, an identical phase controlled voltage swing clock
has been employed rather using same clock which swing
from Vgg to Vpp. To ensure tail current remains in the
saturation the limited clock swing is used for tail transistor
M; and make sure that tail current not enter into linear
region.

All transistors M;—M, are of the equal dimension and
perfectly balance to ensure all input transistors have same
currents the differential pair V;,+ and V,,~+ (and V;,— and
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Fig. 1 Fully differential dynamic comparator (FDDC). (Reproduced
with the permission from [7])

V,r—) are grouped in single differential pair [4, 5]. During
the time of decision all input transistors will contribute
respectively.

The inner nodes are reset to Vpp when comparator is in
ideal mode and help comparator to retune all the nodes
prior to the comparator enters into the evaluation mode.

3 Proposed comparator

The fully differential double tail dynamic comparator
(FDDTDC) is illustrated in Fig. 2. Some modification has
been made to the structure in comparison to the structure
shown in Fig. 1. Transistors M3 and M4 are removed
from the structure because transistors M, and Mg will
serve the same purpose to reset the internal nodes D; and
D5. On the removal of two clock driven transistors M5 and
M4 the power dissipation of the comparator has drastically
reduced in comparison to FDDC. The FDDTDC can work
at lower supply voltages in comparison to the FDDC due
less stacking.

3.1 Operation of the proposed comparator

Reset Mode: When @y is low, transistors My, Mg, Mo
and M, are on. Out™ and Out™ are precharge to Vpp
similarly inner nodes D; and D, are retune to Vpp.
Comparison Mode: When @y is high, ¢y p is active,
transistors M, Mg, Mg and M, are off. Out™ and Out™ are
discharge to ground through M;-M,. If the voltage at V, is
higher than the voltage at V;, (Vi> Vi), Out™ is dis-
charged faster than Out". The addition of two transistors of
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Fig. 2 Proposed fully differential double tail dynamic comparator
(FDDTDC)

the M, and Mg convert the single tail comparator into
double tail comparator with differential input and on
removal of transistors M3 and M4 reduced the power
dissipation and reduces the offset voltage with moderate
increase in propagation delay.

3.2 Performance analysis

The comparator depends on many aspects of the perfor-
mance parameter. The parameters such as gain, offset,
kickback noise, linearity, overdrive recovery, speed and
supply voltage are important along with speed and power
dissipation, and. In practice, comparator design is a multi-
dimensional optimization problem because most of these
constraints deal with each other. The performance analysis
for offset voltage, delay and power is presented in the
following subsection.

3.2.1 Offset

By definition, the offset voltage Vg of the comparator
equals to the differential input voltage that establishes the
condition V., = V..

In the beginning of the decision moment, M; to M, and
Mjs are in the saturation region. This is the main reason of
the low sensitivity of this topology to the transistor mis-
match as will be demonstrate hereafter. If all the transistors
of the two differential pairs have the same dimensions,

Bi= Po= Ps= P4 then in the balanced point the two output
currents are equal [8, 9].

I =1Ip7,15 = Ips, Ip7 = Ipg, Ip7 = M> + My, Ipg

=M + M; (1)
w Vs
Lyst = 111 Cox - (Ll> : <Vin+ + AV — Vi — ;l> * Vst
1
(2)
W Vs
Ids2 = ,uzcox . <_2> . (Vref+ VZZ - d 1> Vdsl (3)
L 2
w Vs
Lisz = 113C0y - (L_3> : (Vre - —Via - §3> Vis3 (4)
3
W. Vs
Ids4 = ,u4C0x . (_4> : <Vm— Vz4 - d‘3> VdY3 (5)
Ly 2
W-
Ids7 = .u7C0x : (L_77> : (Vout+ - Vs7 - Vl7)2 (6)
W,
Lyss = 113 Cox - <L8> “(Vour— — Vg — Vz8)2 (7)
8

The threshold voltage Vi, s uCox can be explicit in
terms of a nominal part and a deviation part owing to
mismatch between M, and Mg. For ease of calculation
collective deviation between u and C,, can be consider as
only deviation in mobility u [8, 9].

Hy = My + Apy (8)
Hg = My + Apg 9)
Vg =Vu+ AVy (10)
Vig = Vi + AV (11)

The mismatch between M, and M3 random offset is:
Vos e = Ve 0

Vi)’
+ (Vref-‘r - Vds - th - —Y) '0,12‘2/.””

2
+ (Vref = Vas — Vin — T) '0,33/,1" (12)

The mismatch between M; and M, results in random
offset is

2

_ 2 2
Vos_mma — o_Vzl + GV;4

Vit )
+ (v,-H ~Vas = Vi = 7) G

Vi) 2
T) O/, (13)

The mismatch between M; and Mg results in random
offset is

+ (Vin— - VdS - th -

@ Springer



150

Analog Integrated Circuits and Signal Processing (2018) 96:147-158

= Vg — Vi)?
2 _ ouf tn 2
O-Vos_wa - ( ) V(%l O-st
s

W 2(VouhL Vs7 - Vm)2 2

A V2 Vo
dsl

+ WS ( out— VsS - Vln)4 2

W] 4. ngl Hg/ 1y

W7 2(VouhL - Vs7 - Vm)4 2

Ml 14
+ <W1> 4.2, %1/t (14)

The mismatch between M;o and M;; results in random
offset is

2 2
> (Wi (Voo = Vours — Vi)™
GVU.Y_M]OM]I - W, 4. Vj | O-V/IO
A

(WY Vn = Vou = Vi)
W, 4-V3, Vi

+ m 2(VDD - Vout+ - th)4 0_2
Wi 16-V3, H10/

(WY Vo = Vou = Vi)
W, 16 - Vc%sl Hi/ Ha
(15)

In general static random offset voltage oy, in the pro-
posed fully differential double tail dynamic comparator is
as follows:

)"

2 2
UVOS - (O_Vas_mm + GVOS_MZM3 + UVos_ng + O—VOS_MIOMII

(16)

The random mismatch in the V;, and u of transistor pair
can be modelled as follows [8, 9]:

A‘z/
2 th 2 2
v, = “1], + SVTOD
A2
2 TTHu 2 2
S D
0, = 7 +

(17)

(18)

where Ay,, is process-dependent parameter, Syzy is the
variation of Vzy, W, L are the width and length of transistor,
D is the distance between the transistor pair in layout. In
180 nm CMOS process, for nMOS is
Ay = 5mV um, A, ~ 1.04%. For pMOS

Ay ~ 549 mV pm, A, ~ 0.99%.
For fully differential dynamic comparator static random

offset voltage Gy, is as follows:
2 2 2 2 2 ) 12

2
JVUS - <6VUS_MSM() + O-VD.&_MIM4 + 6V0$_M2M3 + 6V05_M7Mx + JVos_.wrwn

In literature various digital calibration techniques and
offset cancellation circuits [10], such supplementary cir-
cuits to diminish offset voltages comes with area, power
penalty and decline the overall speed. The challenging
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demand of area and power efficient, high speed applica-
tions such as A/D converters pushes to the investigation
and usage of dynamic comparator to optimize area, power
with enhance the speed. In this paper, new high-speed low
offset power efficient comparator structure is introduced.

3.2.2 Delay

The delay is characterized as the time between the start of
the amplification phase and the time where 50% of the
latch final output is reached. Based on this definition, the
inner latch delay can be calculated from derivations pre-
sented in [11, 12].

The delay of the comparator consists of two major parts,
tp and t;4,., [11]. The charging of the load capacitance Cy,,,
until the first n-channel transistor (M-/Mg) turns on is
represented as delay ¢y, subsequently the start of latch
regeneration; thus ¢, is derived as

- VThn CLout VThnCLout
o = ~2

Ig ives

(20)

The drain current of the M5 is defined as (Igz; ~ (Iy5/
2)).

As soon as first nMOS transistor for instance M- of the
latch turns on, the analogous output (Out,) will discharged
to the ground, will lead pMOS transistor M;; to turn on,
charging subsequent output (Out,) to the supply voltage.
For initial voltage difference at the output at time z,, 4V,
we have

Ipot
AV() = |V0mp(l = f()) — 520

132)
= Vi [ 1 =22
Th( i

Considering Aljyen = Ig; — Igol =
rewritten as

voutn(t - t0)| - VThn - C
Lout

(21)

AVE /Ay, (21) can be

Allafch ~ 2V .\ Allatch . 2VThn
~ Thn -

AVy =
B Lys Lys

VThn

It can concluded that at time ty, 4Vf/f, is the voltage
difference at the first stage output is the parameter which
affect the initial output difference voltage (4V,) and thus
latch regeneration time.

The differential voltage (4Vf,/f,) at time fy can be
derived as

AV = [Vin(t = 10) — Vi (1 = 10)|
Iy — Ino
A =t0-"¢, )
n(p
8m 2340V

AV = 1o Coptm
n(p
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In the above equation discharging current Iy; and Iy, of
input transistors (M;—My), dependent on the differential
input voltage (i.e., AIn= gn1.2.34 AVin)-

Substituting (23) in (22), 4V, will be

AVy = 2V, 8234 £y,
Iy
2o\’ Crou
AVy = ( Th) N L - 8m1234AViy (24)
Ius ) CL(p)

Above equation illustrates that transconductance of
input transistors, voltage difference at input (4V;,), current
of latch tail, and the ratio of Croy to Cp ) have strong
influence on AV,. The entire delay of the FDDTDC com-
parator is derived by substituting 4V, in latch regeneration

time.
Vi Crour . Crour <VDD/ 2)
Laelay = to + Haten = 2 + -In
delay 0 T+ Latch Ins e AVo
VnCou Cou Vi '12 'C'n
ety = 2 Thn C Lout I Lout 1n< 2DD M5~ CLf(p) )
Ius Emeff SVThnCLoutgml,Z,3,4AVin
(25)

The differential output voltage (4V)) is under enormous
influence of the first stage output voltage difference and
consequently on latch delay time 7,. The first stage voltage
difference should be increased to reduce the delay of the
comparator.

The delay of the FDDC is defined as below [11]:

. :ZCL|Vrhp|+ CL In Vop Liait
oo Lait 8meff 4Vip|AVin \| Br 234

(26)

3.2.3 Power analysis

The dynamic power consumption is used to estimate the
power is as below [1, 2].

P :fCLKCLVgD + Vop - Ileakage (27)
1 2

PD_vnamic = 5 . VDD f ! CL (28)

Paiic = Vo * Licak (29)

These formulas do not disclose the design parameters
which count for power consumption still they are accept-
able for the designers with acceptable estimation [13].

In dynamic comparator extensive equation of power is
expressed as below [13].

1
P avg = fei VDDIsp5 (W) * Tlatch | VThp|
t

X [2k = n| V| + (2k + 1|V

t, — [ t, — [
-exp (—2”—0) — 4K - exp (— p—()):l
Tlatch Tlatch

In the equation, k is equal to the Vpp-1Vyy,l and 1, and 1
are

(30)

C oad |V
fo = 7le | (31)
zail/2
Itail = IMS + IMﬁforFDDCandI,a,-l = IMQfOVFDDTDC
(32)
CLuad Vbp
t, = -1 33
b Gm,eﬁ 8 (Avm) ( )

Equation (30) indicates that the dominant design
parameters are clock frequency, dimensions of input tran-
sistors, Vpp and evaluation period (#,~tp) which influence
the most on the power expenditure of the comparator.

4 Design considerations and simulation
results

4.1 Design considerations

a. Differential Design or Double Tail Design: Numerous
techniques to realize comparator such as open loop
comparator, preamplifier based comparator, dynamic
latch comparator and double tail comparator. None of
the literature discussed on configuring the feature of
differential pair with double tail.

b. Design of Tail Transistor: It confines the current flow
through the both of the output branches; it shows
greater reliance on speed and offset voltage with
different values of V.

c. The isolated input and output latch stage: The com-
parator have a low and more stable offset voltage over
a wide range of input common mode voltage and
function at a reduced supply voltage.

d. The previous code dependent errors or decision: The
internal nodes should be initialized to Vpp during the
phase when the comparator is not making a decision.

4.2 Simulation results

To verify its operation and the consistency with the ana-
lytical derivations including delay, offset ICMR, frequency
response and input —output noise spectral density. The
circuit operates from a 4+ 0.9 V power supply. The
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Fig. 5 Transient response of FDDTDC. a i/p square, b i/p sine

simulation results and layouts are shown in Figs. 3, 4, 5, 6,
7,8,9,10, 11, 12, 13, 14, 15 and 16, the delay of FDDTDC
comparator is 0.37 ns, absolute offset voltage of 0.36 mV,
ICMR is — 0.40 to 0.56 V with power consumption of
216.37 mW which is quite low in comparison FDDC and
other reported structures. The FDDTDC can successfully
resolve difference of 1 mV (10 bit resolution) at 1.3 GS/S.
Considering that there is no extra circuitry require for
offset cancellation, the new-flanged design is appropriate
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for applications demanding high resolution, high speed
with optimum power. The transistor sizing is illustrated in
Table 1.

Figure 7 illustrates the input—output noise spectral
density for FDDC and FDDTDC. It is evident from the
simulations that FDDTDC is more immune to noise in
comparison to FDDC. Figure 8 depicts the frequency
response of FDDC and FDDTDC.
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Figure 9 illustrates the sensitivity of the offset voltage to Figure 10(a) depicts effect of power supply on delay for

common input mode voltage (V) and power expenditure  differential input voltages. The delay is 370 ps (0.37 ns) at
as a function of V. As Vi, incases power dissipation is Vpop =09V for A4V;, =1 mV. As Vpp changes from 0.9
decreasing in both the comparator in identical manner. The  to 1.5 V, the delay decreases from 370 to 132 ps. Fur-
Proposed fully differential double tail dynamic comparator ~ thermore, lower the delay for the higher value of the dif-
has low offset voltage as compared to FDDC mentioned in ~ ferential input voltage for a given Vpp. In addition, For a
the Fig. 3.
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Fig. 11 FDDTDC. a Delay v/s Vpp, b delay v/s AV;,

given Vpp, the higher the differential input voltage, the
lesser the delay of comparator.

Figure 10(b) illustrates the effect of different input
common-mode voltage V¢, on delay of the comparator
for differential input voltage. The delay of the comparator
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is 370 ps (0.37 ns) for 4V;, = 1 mV@V,,, = 200 mV. The
delay reduces as differential input voltage enlarges for a
given value of V¢y,.

Figure 11(a) shows the performance of the FDDTDC for
delay versus variation in supply voltage for different input
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Table 1 Transistor sizing for FDDC and FDDTDC

MOSFET Size
FDDC FDDTDC
M;, My, M3, My 6 um/0.4 pm 6 um/0.4 pm
M;s,Mg 6 um/0.4 pm 10 pm/0.4 pm (only M5)
M7, Mg 0.75 pum/0.35 um  0.75 pm/0.35 pm
Mo, Mjg, Mj;, M5 0.70 pm/0.35 um  0.70 pm/0.35 pm
M13,M14 1.5 ]J.IH/O4 Hm -
M,, Mg - 1.0 um/0.18 pm

voltages. Figure 11(b) shows the effect of delay of the
FDDTDC against differential input voltage under different
values of V¢,

Figure 12, demonstrates the random offset voltage with
the Monte Carlo Simulation for 1c due to mismatch in
different transistor pair of FDDC and FDDTDC as
described conditions in Egs. (16) and (19). From the sim-
ulation results and the Eq. (16) and (19) it affirms that
FDDTDC has lower offset voltage than the FDDC. The
transistor pair which causes the major offset and more
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(b)

venerable to mismatch is Ms—Mg.The a%, which
0S_M5M6

represents the maximum mismatch for transistor pair Ms
and Mg, is not present according to Eq. (16) for the
FDDTDC result into lower offset voltage.

Figure 13 shows Histogram of Monte Carlo Simulation
for the Offset Voltage for DDC and FDDTDC. The Monte
Carlo simulations for 500 iterations have been carried out
for FDDC and FDDTDC. The FDDTDC have very offset
voltage and improved ICMR. In case of FDDTDC the
absolute value (average offset voltage) of the input offset
voltage is 0.36 mV at one sigma, with the standard devi-
ation from the simulation is 0.4 mV.

Figure 14 shows the layout of DDC and FDDTDC. All
the transistors are positioned symmetrically to diminish
mismatch and parasitics. Figures 15 and 16 shows the
corner analysis (FF, FS, TT, SF, SS) for Delay, Offset
Voltage, Power Dissipation and Figure of Merit for FDDC
and FDDTDC.

Table 2 evaluates the performance of the FDDTDC with
the FDDC. The FDDTDC provides low offset with high
dynamic range and better sensitivity at low input for
optimum power with considerable reduction in delay.
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Zgzgazriszirformance Parameter FDDC FDDTDC
Technology (nm) 180
Supply voltage (V) £+ 09
No. of transistors 14 13
Delay (ns) 0.680 0.37
Sampling frequency 250 MS/s 1.3 GS/s
Offset (mV) 4.1 0.36
ICMR (V) — 0.30 to 0.49 — 0.40 to 0.56
Input—output noise spectral density (],J.V/\/HZ) 0.91 and 3.64 0.81 and 3.00
Gain (dB) 29.261 31.964
Phase margin 48.519 54.167
Sensitivity (mV) 4 1
Bit resolution 8 10
Power dissipation (LW) 379.82 265.25
PDP (f) 15.69 8.59
FOM (fJ/decision) 5.93 0.20
Area (Uum X pm) 16.5 x 17.6 15.03 x 17.09
Table 3 Performance summary and comparison
Parameter [10] [11] [12] [14-16] [17] [18] [19] [20] This work
Technology (nm) 130 180 90 90 180 180 180 180 180
Supply voltage (V) 1.2 1.2 1.0 1 1.8 - - 1.8 + 09
Delay (ns) Calibration Time 400 ns 0.29 0.15 0.17 1.699 - - - 0.37
Sampling frequency (GS/s) - 0.5 1 3.0 0.1 0.8 0.625 0.1 1.3
Offset (mV) 100/0.22 7.8 33 16.3 - 0.15 0.35 - 0.36
Bit resolution - - - - - - - - 10
Power dissipation (LW) 3500 4+ 580 (= 4080) 329 51 162 460 780 1200 900 265.25
PDP () - - - - - - - - 8.59
FOM (fJ/decision) - 658 51 59.20 - - - - 0.20

Table 3 compares the FDDTDC with other reported
comparator architectures. The FDDTDC has the very low
offset and lowest FOM energy dissipated per conversation
for optimum power with low offset voltage.

5 Conclusion

A novel design structure of Differential Double Tail
Dynamic Comparator for high performance ADC is pro-
posed with comprehensive offset and delay analysis. A new
structure of the circuit are used to improve head room as
well as the accuracy with which comparator can make
decision. Simulation is carried out in 180 nm CMOS
technology and result affirms that design metrics, delay,

offset power and FoM are improved to a immensely. The
simulation results illustrates that a comparator designed
with the proposed techniques is 45% faster, and 30% more
power efficient than reference comparator FDDC. The
FDDTDC exhibits 91% low offset without any power
hungry offset cancellation circuits as compared with con-
ventional comparator. Parametric variations also carried
out to verify the performance parameter of the proposed
comparator and demonstrate stable performance over the
process variations and for different transistor corners. The
FDDTDC makes a superior trade-offs among speed, reso-
lution, power, offset and area for applications which
requires high speed, high resolutions such as ADCs,
wearable electronics, and recently captured attention of
IoT.
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