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2 Principle of SAR ADC

In this section we describe the main operations of the Successive Approxi-
mation Register Analog to Digital Converter (SAR ADC).

2.1 SAR ADC Architecture principle

The N-bit SAR ADC takes the analogue signal V, as input and provides
the N-bit digital output B;. It is a feedback system [l], with a Digital to
Analogue Converter (DAC) in the feedback loop. The comparator drives a
digital control block, that computes the N-bit input of the DAC SB; and
stores the N-bit output result B;. Assuming that the gain of the loop is
infinite and that the comparator has no offset, the DAC performances set

the ADC ones.
l l Ck

Ve|:>—>vx + i L
Comparator__ 3} Ctl Logic \— »
Vdac P 9
> - N bits
Bi
Bl ... Bn

DAC « N\

N bits SBi
SB1 ... SBn
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Figure 2: SAR blocks: DAC, comparator and control logic (SAR registers)

2.2 Analogue-to-Digital Conversion algorithm

The algorithm used to compute the digital output is based on a binary search
(Fig. 3). At each clock cycle (Ck), the test interval is divided by 2, till
reaching the Least Significant Bit (LSB) interval. In the first clock cycle,
the Most Significant Bit (MSB) is set to 1, while all the other bits are set to
0, therefore the DAC output is V.. = Vrgr/2, where the reference voltage



Vrer is often set to Vpp. This voltage Vy,. is compared to V,. If V, is greater
than V.., the MSB remains set to 1, otherwise, it is set to 0. All the bits
are computed, one after the other, at each clock cycle (Fig. 3), till reaching
the LSB, where the End Of Conversion (EOC) signal is raised.

Vx = Vin(t)
B,=B,=...=B,=0
n=8
i=0

No Yes
End of

conversion

Figure 3: SAR conversion: binary search algorithm

For example, V, = V, = 2,6V with Vggr = 4V and N = 8, runs 9
clock cycles as presented in Table 1, where we want to highlight that before
starting the conversion : By = By, = B3 =By = Bs;=Bs=B; = Bg =0

2.3 Sampling consideration at ADC input

Here we want to highlight the role of the sample and hold block to freeze the
input signal during the conversion cycle. Let Ve(t) = A sin(wt) being the
input signal, its maximal variation speed is:

dVe(t)
dt =0
with F}, being the clock frequency and T}, being the clock period, the max-
imum frequency F'u,,,, which can be used for the input signal frequency
F, without Sample and Hold operation, assumes that the input signal am-

= Aw =27F A, (1)



nc | B;set at 1| Vi (V) | Vo and Vg, | B; result
0 Bsg 2 Ve > Viae Bg =
1 By 3 Ve < Viae B; =0
2 Bg 2.5 Ve > Viae Bg =
3 Bs 2.75 Ve < Viae Bs =0
4 By 2.625 Ve < Vige B, =
5 Bs 2.5625 Ve > Vige Bs =
6 Bs 2.59325 Ve > Viae By =
7 By 2.609375 | Vo < Viue B, =
8=N EOC V ~ 2.609375

Table 1: Example of conversion, using 8 bits

plitude variation in one full conversion cycle (N.7}) is less than one LSB

(A=2NLSB), so:

LSB 1 F 5
N T, 2rA  mN2N+L 2)

For example, a 8 bits ADC with F}, at IMHz and without sample and
hold operation, sets a maximum signal frequency of 70Hz.

The sample and hold function can be realised by an explicit sample and
hold block (Fig. 4), or implicitly by a convenient configuration of a switch
between the input signal and the capacitive DAC (Fig. 6).

Considering the input sampling phase, the input voltage charges a sam-
pling capacitor C},; through a switch with on resistance R,,. At the sam-
pling time, the switch turns off, thus holding the value of the input voltage
across the capacitor. The sampling operates correctly if the time constant
T = R,,Cio is negligible with respect to the sampling time. Moreover, the
bandwidth of the input signal must be much smaller than 1/7 [2].

Fuma:z: =

2.4 ADC operation principle

The netlist in Fig. 4 represents a basic design of the ADC operation principle
described in Fig. 2. The DAC is a switched capacitor array, where the capac-
itors are binary weighted. The sum of all capacitors is 2V C. The sample and
hold can be a capacitor loaded by a CMOS switch, possibly bootstrapped,
to limit the non-linearities coming from the floating nodes of this switch.
To properly initialise the conversion sequence, all DAC capacitors are
discharged, while the input signal V is sampled (the switch Sy is on, activated
by the Sampling Enable S E control signal, to connect the bottom plate of the
capacitors to ground, while the input signal V, is sampled, with the sampling

7
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Figure 4: schematic of the non differential SAR ADC with explicit sam-
ple & hold block. USU&Hy VRA = VREF = VDD, and VRB = VSS =0

switch activated also by SFE). Then, during conversion, according to the
comparator result at each clock cycle, for each capacitor 20N =9C:

e the switch S; connects the bottom plate of the capacitor Ciny1—; =
2N=) (' to Vr4 through node b (when Bny1—iy = 1), or

e the switch ¢ connects the bottom plate of the capacitor C (41— to Vgp
through node a (when B(y41-;) = 0).

C, being the parasitic capacitor on the DAC output node Voya, the ADC
behaves like a capacitive divider (Fig. 5) such that:

VRA.CA + VRB-CB

Ve = 3
T 0y + G+ G, 3)
N
CA - Z BN+1_7;2N_ZC (4)
i=1
N — .
Cp=> Bnu_2V7'C=2"C — Cy. (5)
i=1
Assuming that we neglect C,,
N N
Vi — V)
Vona = BN+1—i2iiA + > BN+1_¢$. (6)
i=1 i=1

After the sample and hold step, Von 4 is compared to the input signal V.
After N elementary comparisons, Vo converges to the digital signal closest
to V.. Typically, Va4 = Vrer and Vrp = Vgs = 0, so we get:

J VRa
Vova = ZBNJrki?- (7)
=1



o
VFIA_| |_° VCNA

CB ——

VRE

Figure 5: DAC equivalent circuit: a capacitive divider

2.5 Various architectures of the SAR ADC

DAC: The DAC is the main component of the SAR ADC. The advantage of
the capacitive DAC is that it has no DC power consumption, the capac-
itors can be integrated in CMOS processes with a good accuracy. The
binary weighted structure allows up to 10 bits accuracy, for 10 MHz
and 10 fJ/conversion step. The drawback is the large area required by
the binary weighted values of the capacitors. The capacitive DAC is a
capacitive array controlled by a set of switches, to set the voltage bias-
ing the capacitor plates, and to activate the sharing or redistribution
of charges during the conversion steps.

There are other types of DACs : resistive, switched currents, that we
will not discuss here.

Sample and hold: Depending on the DAC, and on how the input signal is
sampled, this block may be implicitly provided by the DAC:

e [f the input signal is a direct input of the comparator, it requires
an explicit S/H block (Fig. 4).

e If the input signal is sampled on a DAC capacitor plate (Fig. 6),
adding an explicit S/H block may be avoided.

Comparator: The comparator is a synchronous one, clocked at C'k or H
(Fig. 4 and 6), with an RS flip-flop at the output to freeze the compar-
ison result before the next clock cycle comparison. Its response time
should be less than the clock period.

Control logic: The digital part of the SAR ADC has 3 operations to per-
form (Fig. 4 and Fig. 6):



ve [

VRA [

e to control the switches to connect the capacitor plates of the DAC
to the appropriate signal to prepare the Voya signal (DAC out-
put = comparator input) to perform the comparison during one
conversion step, with signals S;,

e to read the comparator result (= decision bit),

e and to store the comparator result (next clock cycle), which is one

bit of the digitized signal, B;.

These operations are performed using:

e The sequencer: It can be described in VHDL, like a Finite State
Machine (FSM) and synthesized, or designed based on a circulating-

one bank of registers.

e A bank of N registers: to store the conversion bits.

The digital block also includes a clock generator (activating the syn-
chronous comparator, signal Ck or H) and a delayed clock generator
(activating the FSM registers and storing of the conversion bits, signal

Ckq or HR).

SE

2

N-1 —:

C ZN%
811 S2l
a b a b
|

O

Vss

_ VCNA

(o]

T

vre [

* socC CKd
- CONTROL
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B1
Bn
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Figure 6: Non differential SAR ADC with implicit sampling using capacitor
top plates. Usually Vra = Vrer = Vpp, and Vzg = Vss = 0. SOC is the
Start Of Conversion Signal, an external input signal of the ADC.

2.6 Capacitive DAC

The DAC is the component of the SAR ADC that will have the greatest
impact on the ADC performances. Here we give some hints to select the

capacitor values and the sizes of the switches.
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2.6.1 Capacitor

The capacitor values result from the relation between the ADC accuracy
(quantification noise) and the uncertainties due to the thermal noise of the
switched capacitors and the mismatch error of the capacitor layout.

Thermal noise consideration

The thermal noise is due to the resistor of the switches, when the switch
is on (R,y,), in the switched capacitor DAC C5 [2]. The noise power can be
modelled as a power voltage generator vr? = associated to the DAC switched
capacitors:

vrg,, = 4KpTkRop (8)

Kp being the Boltzmann constant Tk the temperature (Kelvin).
The spectrum is white. Moreover the R,,,C establishes a low-pass filter-
ing that makes the spectrum across the sampling capacitor, v%’thn coloured.

AKpTk Rop (9)
1+ (WRCy)?
The noise power in the band base is given by the integral of the noise

power of all the folded bands. This gives a total noise power stored on the
sampling capacity Cs when the switch goes off :

U%‘,thn (W) =

Pthn = KBTK/CS (10)

Assuming that the noise budget is such that the thermal noise is less than
the quantification noise, gives:

KpTy/Cs < ¢*/12 (11)

and,
Cy > 12KpTx /q* (12)

Matching consideration

To take into account the matching error, we consider Fig. 5 with:

Vena _ Ca
VeEF Cs + Cp

and we assume that the worst case for mismatch corresponds to the half range
(i.e. N = 1000...0), this configuration corresponds to half of the capacitors

(13)

11



connected to Vggr and the other half to ground. If the mismatch error is
positive and maximum in a way and negative and maximum on the other
way, the mismatch error is maximized. To get the corresponding capacitor
area, we recall that:

AC 1 [ M2

o(—) ~ —
( C ) V2V LW
where M, is Pelgrom constant in um to estimate the mismatch error as

function of the device area, and L and W are the sizes of the device area in
pm. We will have :

(14)

VLW > M, ﬂ (15)
V2
Then, with C' = C,W L, C, being the capacity density, to fulfil the matching
specification, we get:

C > 9.M2C,2°N 1, (16)

with CPOLY: Ca= 0.3fF/um? Ma=0.01 um, C' > 0.01pF for 8 bits, and
C > 0.15pF for 10 bits, and and C' > 2.3pF' for 12 bits.

Depending on the technology process, the value of the minimum capac-
itor can be set by matching (Eq. 16) or thermal noise (Eq. 12). It is often
mentioned in the literature that the mismatch constraint requires the largest
minimal capacitor value. Moreover, an ADC with 12 bits or more require
dedicated techniques of capacitor arrays to decrease the whole capacitor area,
with more complex control and non binary weighted capacitors.

2.6.2 Switches

The switches connected to low Vrgr, Vrp (usually Vgg) are NMOS tran-
sistors, (possibly CMOS gate), whereas the switches connected to the high
reference voltage Vza (possibly set to Vpp) are PMOS transistors (possibly
CMOS gate). These transistors have their sources connected to a constant
voltage, therefore they make the switched capacitor DAC insensitive to par-
asitic capacitors present on the bottom plate of the capacitor (which may
be as large as C/20), and to the active and passive capacitor present on the
transistor drains (which can be fairly large).

The redistribution of charges in the capacitor Cny1—; = 2= of the
DAC, activated by the switch S;, with its on resistance R, ,, operates cor-
rectly if the time constant 7, = R; 5, C(v41—i) = Riyon2(N —)C is negligible

12



with respect to the clock period. Therefore the width W; of a transistor act-
ing as switch S; in the DAC is sized to fulfil 7; < T, while its length L; is
minimal. The larger the DAC capacitor value, the smaller the on resistance,
and the larger the width.

The switch can be sized depending on the capacitor only, or, to ease the
layout, following a binary rule for the width W, or as a multiple of a finger
transistor (larger area).

In practice, to take advantage of the available digital standard cell library,
it may be useful to replace NMOS/PMOS transistors by inverters (Fig. 7)
with appropriate sizes (maybe multi-inverters in parallel) to respect the set-
tling time of the DAC. Typically Vrgr = Vpp to bias all the inverters.

Figure 7: DAC with inverters replacing NMOS/PMOS pairs

2.7 Synchronous comparator

Here we present the comparator of the ADC (Fig. 8). The comparator senses
a differential input and generates a logical output according to the polarity
of the input difference. According to the ADC architecture, the comparator
architecture uses simple input or differential input. We consider comparators
based on a bistable (flip-flop) architecture. The synchronous comparator
requires a trigger (clock) for the pre-charge phase, therefore requiring a RS
flip flop to store the comparator result.

OUTPUT
COMPARATOR

oI

Figure 8: Sub-blocks of the synchronous comparison in Oceane: pre-
amplifier, synchronous comparator, RS flip-flop, simple architecture.

RS flip flop
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2.7.1 Lewis and Gray architecture

Here we discuss the operation mode of the transistors in the Lewis and Gray
dynamical comparator (based on a Flip Flop architecture). The main block
(Flip Flop, differential architecture, N type) is presented in Fig. 9. The pre-
charge phase is active when CK is low and the comparison phase operates
when CK is high.

VDD

Th &Y

{ >ap

M MN6
vss vss
CD—‘4{ }7

Figure 9: Lewis and Gray comparator in Oceane: main block used in the
Lewis and Gray comparator in Fig. 16, differential architecture.

Table 2: Lewis and Gray Comparator, N type, main

transistor names function operation mode L
MN1 MN2, MN3, MN4 injection triode Lmin
Only MN1 and MN2 non differential or saturation
MN5 and MNG6 comparison trigger, triode Lmin
on state if CK high (switches)
MNT7, MP11 2 CMOS inverters saturation Lmin
and MNS§, PM12 bistable
MP15, MP16 pre-charge, CK low saturation Lmin

The Lewis and Gray comparator performs a resistive divider (between
input -injection- transistors conductance).

14



2.7.2 Song architecture

Now we discuss the operation mode of the transistors in the Song dynamical
comparator (also based on a Flip Flop architecture). The main block (Flip
Flop, differential architecture, N type) is presented in Fig. 10. The pre-charge
phase is active when CK is low and the comparison phase operates when CK
is high.

VDD

MP11 MP12
0—{ }» «{ }‘“
MP15 r MP16
am Gﬂ o
MN5 L | MN6
VSS VSS
o> o s
MN1 ] [ MN2
VSS VSS
Ve[ =~ e L
MN7 MN8

VSs

Figure 10: Song comparator (Ntype) in Oceane: main block used in the Song
comparator in Fig. 18, differential architecture.

Table 3: Song comparator, N type

transistor names function operation mode L
MN1 and MN2 injection saturation Lmin
MN5 and MN6 | comparison trigger, Lmin

on state if CK high

MN7, and MN8 2 CMOS triode, low Vpg | Lmin

MP11 and MP12 inverters bistable Lmin

MP15, MP16 precharge Lmin

It is a function similar to Lewis and Gray’s one. It often requires larger
area, providing less offset voltage.

15



2.7.3 Dynamical comparator with pre-amplifier and RS output

Synchronous dynamical comparators have good power consumption perfor-
mances. Yet, architectures based on bistable structures may show large offset
voltages and high switching amplitudes. Therefore, in order to decrease the
offset voltage, an amplifier can be used at the input of the comparator, so
that the effective offset voltage at the comparison input is divided by the
amplifier gain. If a dynamical amplifier is used (triggered on clock), then
the whole comparison is still dynamical, and the power consumption is low
(power consumption only during transitions).

Since the pre-charge phase of the comparator changes the voltage values of
the comparator output, an RS flip-flop is used at the comparator output (see
Fig. 8) to freeze the comparison result. Moreover, inverters are inserted be-
tween the comparator output and the RS flip-flop to decrease meta-stability
and dynamical offset.

3 Use case : Sizing a 8bit SAR ADC

In this section we illustrate the sizing process using Oceane FOSS EDA tool
by Jacky Porte [3].

3.1 ADC architectures and comparison operation
3.1.1 Non-Differential architecture operation

We first describe the non-differential architecture with implicit sampling us-
ing capacitor top plates presented Fig. 6. The conversion follows these oper-
ations:

- Input sampling

The control signal SE activates the input switch, while the other switches 5;
(i=1 to N) set the connections of the capacitor bottom plates to a (i.e. all
the bits are initially set to 0, all the capacitor bottom plates are connected
to Vra). The positive comparator input Vo is set to V. and the following
charge (), is stored in the capacitor array:

Q1 =2"C(V, — Vga) (17)

- MSB computation

16



In the next clock cycle, the control signal SE disconnects the input signal
(the input switch is off), and the switch S; sets connection b, and the asso-
ciated 2V~1C' capacitor bottom plate is connected to Vg, driving Venamss
to the positive comparator input. The redistributed charge is Q55 and the
whole charge conservation in the capacitive array gives:

Qusp = 2V 'C(Venamss — Ves) + 2V *C(Vonamss — Vra)  (18)

and
Quss = (1 (19)

We can derive:

Vea + ViB

; (20)

Venamse = Ve — Vra +

and

"
Venamsp = Ve — RQEF, with Vga = Vger and Vg =0 (21)

If Venamss > Vsg, the comparator output is the logical 1 and the MSB
value is 1 (Bysp = 1), and the switch Sy keeps the b connection (i.e. the
bottom plate of the 2V~1C capacitor is connected to Vizp), otherwise the
comparator output is the logical 70”7, and the MSB is reset to 70" (Bysp =
0), and the switch S; goes back to the a connection (i.e. the bottom plate of
the 2V~1C' capacitor is connected to Vgza) .

- MSB-1 computation

During the next clock cycle, the (MSB-1) bit is computed, using a similar
process. The capacitor bottom plate 2V~2(C is connected to Vzp with switch
S5 set to connection b. The charge redistribution and conservation gives:

Quss-1) = Busp2 'C(Venass-1) — Vrs)
+Busp2" 'C(Vena,msp-1) — Vra)
+2V2C(Venauss—1) — Vas) + 2V 2C(Venawss—1) — Vra)
= 2YC(Ve — Vra) (22)

and:

Vi Vea— Vi V
Venawss-1) = Ve — Vra + %BMSB + %ABMSB + % + %A (23)

17



- LSB computation

In the following clock cycles, the comparison process is iterated till the
LSB (LSB = MSB — N +1), where the input of the comparator, Vona rss
is:

= VRB VRB = VRA VRA

Vowarsp = Ve=Via+ 2 Byunimge + o + 2 Bywiiyr + 55
i=1 i=1

(24)

If Voenarse > Vss, Brsg = 1, otherwise Brsp = 0, and the resulting voltage
value Vapc:

al VRra
Vapc = ZBN+147
i=1

S Vrp
+ ZBMH7 (25)
i=1
converges towards the input V., i.e. it is the digital representation of the
input signal. Usually, Vgp is set to zero (Vss) and Vgs to Vrgr. Therefore
the switches S;, can be designed with PMOS transistor and switches Sy,
designed by NMOS ones.

3.1.2 Differential architecture operation

We present now the differential version of the architecture with capacitor top
plates input sampling (Fig 11). The differential architecture duplicates the
DAC of the non-differential one (Fig.6) on the negative input of the com-
parator, in a complementary way. The switching of the capacitors belonging
to the negative input signal of the comparator (Vonans) and the switching
of the capacitors belonging to the positive input signal of the comparator
(Venap) are complementary, by inverting Vzp and Vzps connections. The
capacitor C' without switch, which has its top plate connected to Vonap,
has its bottom plate directly connected to Vgp, while the other capacitor C
without switch which has its top plate connected to Vonan, has its bottom
plate directly connected to Vgyy.

3.1.3 Sampling consideration of the differential architecture

In this differential architecture (Fig 11), the differential input signal which
has to be converted is sampled by the switches SE (on) during the first cycle
on the top plates of the DAC capacitors. When the MSB Preset strategy
is used, the MSB is also set to 1. During the first comparison, S, is ”b-
connected” (with MSB set to one) and the charge is redistributed between the

18
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VCNAM

Figure 11: differential SAR ADC with top plate implicit sampling

DAC capacitors to control Vonap and Vonanr the 2 inputs of the comparator
(Fig. 12).

VRB VRA VRA VRA

11

VCNAP

CMP |— f ””””
VCNAM MSB [

Vem —

I

VRA VRB VRB VRB

Figure 12: First comparison setting of the differential architecture with top
plate implicit sampling and MSB Preset strategy

3.2 Digital Control
3.2.1 Sequencer

Fig. 13 illustrates one possible realisation of the sequencer, as a Finite State
Machine (FSM).

Each state is a conversion step in the binary search algorithm. The output
sets the control of the DAC switches to set the appropriate input of the

19



holding signal:
charge

redistributio

in DAC

ckn+3, nc=n
Stored

conversion

B8 B7 B6 B5 B4 B3 B2 Bl

ck3, nc=0
1st comparaison
result:B8 (MSB)

dac_C8 = B8
dac_C7 =1

ckn+2, nc=n-1 ck4, nc=1
comp. result:Bl comp. result:B7
=Bn-7 (LSB = Bn-1 (MSB-1)

ckn+l, nc=6
comp. result:B2

= Bn-6 (MSB-6)

ck5, nc=2
comp. result:Bé6
= Bn-2 (MBB-2)
dac_Ci=Bi, 136
dac_Cé6=1
dac_Cj=0 j<é

ckn, nc=5
comp. result:B3
= Bn-5 (MSB-5)

cké, nc=3
MSB-3 result:B5

= Bn-3 (MSB-3

dc_Ci=Bi,i>n-nc
dac_Ck=1, k=n-nc
dac_Cj=0 j<n-nc

ck7, nc=4
comp. result:B4
= Bn-4 (MSB-4)

Figure 13: Finite State Machine of the differential SAR ADC with implicit
sampling with N =8

converter for the next conversion step. The initial states are used to sample
and hold the input signal, when the Sample Enable (SE) signal is raised. The
conversion is activated by the Start Of Conversion (SOC) signal. At the end
of the conversion cycle, a signal End Of Conversion (EOC) is generated to

20



validate the (N = 8) bits.
Oceane uses a structural direct approach to design the digital control
block presented:

e Fig. 14 in a non-differential ADC architecture, with top plate implicit
sampling, and

e Fig. 15 in a differential ADC architecture, with top plate implicit sam-
pling and MSB Preset strategy.

In these topologies (Fig. 14 and Fig. 15), the (i 4+ 1) register of the se-
quencer activates the registration of the (i) bit (B;) of the digital conversion.
2 inverters are used to delay the clock from the synchronous comparator

(Ck = H) to the sequencer (Cky = HR).

SARADC 1

I Device | Control logic
H HR

HR -

evss

gl

soC o

Qpcwmp -

I o e

=
B2 ‘ B
< O < O
B2 Bl Bl

2

)

-

‘ bt qf ‘ b 1 qf
|
o O} o

D PT Qf
cr Of
& i

D eT 0] D D D eT 0]
11 D5 L1 L —upr L—ups 11 DY
c 0 c 0 c 0 c 0 c 0
9
B6i B6

b T al Iy b T al b T al
B6 BS B B3
o O} o O} o O} o O}
Bai B3i

B |
&l

i 2

Figure 14: Oceane digital control block, non-differential ADC architecture,
with capacitor top plates implicit sampling

In the differential case (Fig. 15), the MSB preset strategy is used, there-
fore the MSBP signal is generated.

3.2.2 Storing the N conversion bits

N registers (Flip-Flops) are necessary to store the conversion result, Bg to B;
(Fig. 14 and Fig. 15). The conversion requires (N+2) clock cycles to get the
whole 8 bit word in the non-differential architecture (D; to Dy in Fig. 14)
and (N+3) clock cycles in the differential one (D; to Dy; in Fig. 15).
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Figure 15: Oceane digital control block, differential ADC architecture, with
capacitor top plates implicit sampling and MSB Preset strategy

3.3 DAC capacitor and switches
3.3.1 Capacitors

We refer to paragraph 2.6.1 and to the technology Process Design kit to size
the capacitors. Here we choose C,,;, = 0.5pF" as an example. For N = §
bits, we need, a total capacity of CT" = 128pF', in the non differential case,
and CT' = 256pF, in the differential case.

The binary weighted capacitors are as follows (F):

CO 5.000000e-13
C1 5.000000e-13
C2 1.000000e-12
C3 2.000000e-12
C4 4.000000e-12
C5 8.000000e-12
C6 1.600000e-11
C7 3.200000e-11
C8 6.400000e-11
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3.3.2 Switches

We refer to paragraph 2.6.2 to select the appropriate switches. Here we use
NMOS transistors to set the connexion b (capacitor bottom plates to Vsg)
and PMOS transistors to set the connexion a (capacitor bottom plates to
Vpp). We use a modular sizing approach: the smallest switch (activating the
smallest capacitor, C) is sized, and the other switches are sized as multiple,
possibly over sized, but with easier layout generation.

3.4 Comparator
3.4.1 Synchronous Architectures

In the non-differential architecture, we can use a synchronous comparator
(Ck clocked) with dynamic preamp (P type dynamic pre-amplifier and P
type Lewis and Gray P type flip-flop loaded with inverters acting as buffers)
shown in Fig. 16.

4/5
o ification dynamique P et bascule de Lewis-Gray P

m[lj mlgj = ? FLF = = lgj Mltlj MIEIT mlgj

. - e = - NN L

S j :
FT_/

=l ol = = mﬁ’ti;ﬂm W,A’f—z,lihm,ﬁ = === =

1
Vs

Figure 16: Oceane comparator: main block, P type dynamic pre-amplifier
and Lewis and Gray P type Flip Flop, loaded with inverters acting as buffers
used for the non-differential ADC

The output is stabilized with a bistable RS output presented in Fig. 17,
to keep the comparator output constant during the precharge phase of the
synchronous comparator.

In the differential architecture we can also use the synchronous compara-
tor (Ck clocked) with dynamic preamp (P type dynamic pre-amplifier and
N type Song type flip-flop loaded with inverters) shown in Fig. 18, with its
Flop Flop (Fig. 19) at the output.

23



4/5 BISTABLE RS ASYNCHRONE INVCMOS

vop-a3v

|—l'1l n;“l
1= =k
QPCMPo——— 4 S omomp
e J b I i .
m\LIJ |_fnm. m|Lt_| Lf\m

Figure 17: Oceane comparator output: RS FlipFlop based on inverters, for
comparator in Fig. 16
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Figure 18: Oceane comparator: main block, P type dynamic pre-amplifier
and N type Song type Flip Flop used for the differential ADC

3.4.2 Sizing

The comparator relevant performances for the SAR ADC are the response
time (less than one clock cycle) and the offset (less than one LSB).
The sizing trade-off are, as usual between speed and accuracy:

e Increasing the transistor’s length L

— Improves matching (decreases offset of the comparator)
— Improves power consumption

— Increases the response time
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Figure 19: Oceane comparator output: RS FlipFlop based on inverters, for
the comparator in Fig. 18

e Decreasing the transistor’s length L

— Improves the response time

— A standard default value : L,,;, to optimize the response time

— Increases offset

Table 4: Song comparator, N type with P type pre-amplifier (Fig. 18)

transistor names function operation mode L
MP1 and MP2 injection saturation offset
strong inversion | impact
MP5 comparison trigger, triode Lmin
on state if CK high | strong inversion
MNG6, MNT7 precharge saturation Lmin
and MN9 low inversion Lmin
MN11 and MN12 injection saturation Lmin
strong inversion
MN17, and MN18 2 CMOS strong inv. Lmin
MP13 and MP14 inverters bistable or L
MP15, MP16 precharge saturation Lmin
low inversion or L

will provide a response time around 200 pS.
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4 Scalability

Here we study the relevant parameters to migrate the differential ADC in
another technology node or according to another set of specifications in the
same technology node.

Note that the design of the passive components, here the capacitors for
the DAC, are specific to a technology node.

4.1 Differential architecture
4.1.1 ADC level parameters
The ADC differential architecture is set as follows (Table. 5):

Table 5: Differential ADC architecture choices

Input sampling capacitor top plate, implicit S/H
Differential DAC: 2.(N+1) capacitors, total 2V 1C
Reference voltage VDD, no additional voltage
Input switch 2 PMOS (capacitor top plates)

Switches for DAC | 2N NMOS and 2N PMOS transistors (capacitor bottom plates)

or more, depending on the layout aware sizing constraints.

Comparator

Synchronous (pre-amplifier and Flip-Flop) with RS output

Control logic

Sequencer as register bank (circulating one)
Conversion bit ¢ storing activated by the ¢ + 1 register

This architecture requires the following parameters (Table. 6):

4.1.2 Control logic parameters

The digital block contains the sequencer, the decoder, the signals controlling
the whole conversion sequence, the clock signals and the conversion result (N
bits) parameters (Table 7).

4.1.3 DAC level parameters

The DAC parameters concern the capacitors, where C,,;, is derived from
technological process and the ADC accuracy, as well as switches to control
the switching of the capacitors (Table 8).
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Table 6: Differential ADC specification parameters

Parameter Note 350 350 180 130
node | node | node | node
Vbp power supply (V) 3.3 3.3 1.8 1.8
Vss ground supply (V) 0 0 0 0
VeEF reference voltage (V) 3.3 3.3 1.8 1.8
to handle converter
input range and distortion
Vermc input common mode (V) | 1.65 1.65 0.9 0.9
Vermas input value (V) 2.64 2.64 1.44 1.44
used for simulation
N number of bits 8 8 8 8
F clock Frequency (Hz) 10° 107 10° 10°
C minimum value (F) 0572105720172 ] 01712
Temperature nominal (C) 27 27 27 27

Table 7: Sequencer, decoder and registers, differential ADC architecture

Function Note Cells

Sequencer F'SM or circulating one N + 2 = 10 registers
Control signals SOC and EOC and MSB

Decoder Switch control logic

depending on comparator output
and state (iteration) number

Conversion bits

ADC result

N = 8 registers

Clock

comparator and control block

Ck and delayed Ck

4.1.4 Comparator parameters

The selected architecture (Fig.18) is a synchronous comparator with dynamic
pre-amplifier (P type dynamic pre-amplifier with Ntype Song Flip-Flop) re-

quires the parameters presented in Table 9.
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Table 8: DAC parameters used in differential ADC architecture

Capacitor Note Value

2(N + 1) capa | binary weighted | C,;, from matching performance
Switches NMOS 2(N + 1) switches, modular sizing
Switches PMOS 2(N + 1) switches, modular sizing

Table 9: Comparator parameters used in differential ADC architecture

Parameter Note 350 180 130
node node node
Vbp power supply (V) 3.3 1.8 1.8
Vss ground supply (V) 0 0 0
Vrp reference voltage (V) 1.65 0.9 0.9
Ey static offset voltage (V) 10mV | 10mV | 10mV

standard deviation
not directly related to ¢ = Vzpp/2N

F clock Frequency (Hz) 107 107 107
10 times the ADC clock frequency
C load ) 0.01-2 [ 0.0 "2 | 0.01 2

4.1.5 Simulation results

Fig. 20 presents the comparator input and output signals for the 8-bit, dif-
ferential SAR ADC architecture operating at Ck = 1 MHz.

Fig. 21 presents the comparator input and output signals for the 8-bit,
differential SAR ADC architecture operating at Ck = 10 MHz.

Fig. 22 presents the MSB signals for the 8 bit, differential SAR ADC
architecture operating at Ck = 10 MHz.

5 Conclusion

This document summarizes the ongoing work performed by Jacky Porte at
Sorbonne Université-LIP6 to integrate SAR ADC sizing into Oceane, a FOSS
EDA tool. Today it is only possible to perform the sizing in a 350nm tech-
nology node, since this technology has a rue BSIM compact model.
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Figure 20: Oceane differential SAR ADC (Fig. 11), capacitor top plates
implicit sampling, 8 bit, veg;rr = 2.409V, 1MHz, simulation results.

Sizing examples were presented, to illustrate the performance of existing
architectures which allow to reach 8 to 10 bits, at CK=10 MHz maximum
for one bit (whole conversion CK/N).

Ongoing work addresses bootstrap switches (for explicit S/H) and other
technology nodes.
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Figure 21: Oceane differential SAR ADC (Fig. 11), capacitor top plates
implicit sampling, 8 bit, veg;rr = 2.409V, 10MHz, simulation results.
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Figure 22: Oceane differential SAR ADC (Fig. 11), capacitor top plates
implicit sampling, 8 bit, veg; s = 2.409V, 10MHz, simulation results, MSBP.
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6 List of Acronyms

ADC
DAC
CMOS
DC
EOC
SE
FSM
LSB
MSB
MSBP
SAR ADC
SOC

VDD
‘/ema:v

VREF

Analogue-to-digital Converter

Digital-to-Analogue Converter

Complementary Metal Oxide Semi-Conductor

Direct Current (DC analysis or operating point)

End Of Conversion, to validate the result

Sample Enable signal to activate the input sampling

Finite State Machine(sequencer of the SAR ADC)

Least Significant Bit

Most Significant Bit

Most Significant Bit Preset

Successive Approximation Register Analog-to-digital Converter
Start Of Conversion, signal to activate the conversion cycle.
Voltage power supply

Input range to set the comparator input,

it should be less than the power supply voltage

Reference Voltage to perform the conversion steps,

it can be equal to the power supply voltage
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Appendix

In this appendix we provide some other considerations and insights for the
interested reader.

Other Sizing Consideration

The capacitor values result from the relation between the ADC accuracy

(quantification noise) and the uncertainties due to the thermal noise of the

switched capacitors and the mismatch error of the capacitor layout.
Thermal noise consideration

The following model (Fig. 23) refers to the capacitive divider (Fig. 5) of the

explicit sampling architecture (Fig. 4) presented in section (2.4).

vea

vha
| ‘ }—( "\ ﬁ{ VCNA
RA CcA

veb

—
iivnb

Figure 23: Model for noise consideration of the ADC in the explicit sampling
type architecture (Fig. 4)

The thermal noise is due to the resistor of the switches, when the switch is
on (R,y,), in the switched capacitor DAC. The noise power can be modelled as
a power voltage generator vr? = associated to the DAC switched capacitors:

UT’chn = 4KBTKROTL (26)

Kp being the Boltzmann constant Tk the temperature (Kelvin). Two
types of noise (uncorrelated) exist in such switched capacitor circuits: a
wide band "direct” noise, which can be computed using continuous time
techniques, and a noise resulting from the quantification. On the DAC out-
put, i.e. the comparator input, the ”direct” noise should only be taken into
account. Assuming that C, is neglected, considering sampled voltages by C'4
and Cp controlled by B; and B;, at the end of the switching step, we use the
low pass model of Fig. 23 and consider the low pass transfer functions:
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Cg vna + vnb

Veg = 27
Ca+Cp (Ra+ Rp)§a%p+1 (27)
and C + onb
A vna + vn
Vep = 28
b Ca+Cp (RA+RB)CZA+CC§B]?—I—1 ( )
with: -
on?, = AKpTw(Ra + Rp) /O |H (jw) |2df (29)
and o
CHGw)Pdf = B 30
J) HGRP = (s (30)
we get
on? = KBTKL (31)
o Ca(Ca+ Cp)
and o
2 = KpTx—i 32
Ulte BIK Cu(Ca+ Cp) (32
The comparator input referred noise is:
KTy C C KgTg , C C
2 BlK A B Blr ,Ca B
= = 33
U = Gy Op\ O T Cy) T ave o Ty (33)

This noise power depends on the input signal, and changes at each step of
the conversion process. It is minimum for:

2 KBTK

Ythn = SN—10 (34)
when MSB is computed (C4 = Cp), and maximum for:
KgT, C 2NC - C KgT,
2 _ NBlk A Ay . BBlk
Vi = Sve oo, T, ) c (35)

when LSB is computed (Cy = C). As it should be less than the intrinsic
quantification noise of the ADC, which is:

2
VREF

2 q .
Vo = 15 with q = SN (36)
the minimum value of C is computed as follows:
KBTK q2 KBTK
— or C 12 . 37
C < o> 2 (37)
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As shown in Table 10, due to the required area of the capacitive DAC, it is
difficult to design an ADC with explicit sampling, for N greater than 10, also
considering the low voltage power supply.

Please note that we considered the explicit sample and hold architecture

to derive these equations. In the literature, you may often see the “%”
S

relation used, where C; is computed as the sampling capacitor.
N = 1 6 8 10 12 14 16
Vepr =05V | C=50aF | C=0.81fF | C=13.03fF | C=208.6fF | C=3.34pF | C=53.4pF | C—854.3pF
Vegr =1V | C=12.7aF | C=02fF | C=3.25fF | C=52.14fF | C=0.83pF | C=13.34pF | C=213.5pF
Vepr =2V | C=3.1aF | C=0.05fF | C=081fF | C=13.03fF | C=0.20pF | C=3.33pF | C=53.4pF
Vepr =4V | C=08aF | C=0.012fF | C=0.20fF | C=3.26fF | C=0.05pF | C=0.83pF | C=13.34pF

Table 10: Thermal noise consideration: Minimum values of C as function of
N and VREF at T = 27°C

Matching consideration
To take into account the matching error, we consider Fig. 5 with:
Vona _ Ca (38)
VREF Ca + Cp
and we assume that the worst case for mismatch corresponds to the half range
(i.e. N = 1000...0), this configuration corresponds to half of the capacitors
connected to Vggp and the other half to ground. If the mismatch error is
positive and maximum in a way and negative and maximum on the other
way, the mismatch error is maximized. We define:

dc
R
with a(%) being the standard deviation on local mismatch resulting from
the capacitor C mismatch, and we get:

C = C(1+30( (39)

V. 2NLC(1 4 30(4 1 dC
VCNA lmsp = 1A dC< N_(ICA)) o = 5(1+3a(?))
REF 2N-IC(1 + 30 (%)) +2V10(1 = 30(F))
(40)
The maximal error at middle point (i.e. half range) should verify:
1+30(%) 1 1 dcC 1
f - 5 < ON+1 or 30'(7) < 27N (41)
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to be less than ¢/2. To get the corresponding capacitor area, we recall that:

(&)NL M
o' RV Tw

where M, is Pelgrom constant in pm to estimate the mismatch error as

function of the device area, and L and W are the sizes of the device area.
We will have :

(42)

VLW > MQS'\/Q;. (43)

Then, with C' = C,W L, C, being the capacity density, to fulfil the matching
specification, we get:

C > 9.M2C,2°N 1, (44)

with CPOLY: Ca= 0.3fF/um? Ma=0.01 um, C' > 0.01pF for 8 bits, and
C > 0.15pF for 10 bits, and and C' > 2.3pF' for 12 bits.

Depending on the technology process, the value of the minimum capacitor
can be set by matching (Eq. 16) or noise (Table 10). It is often mentioned
in the literature that the mismatch constraint requires the bigger minimal
capacitor value. Moreover, an ADC with 12 bits or more require dedicated
techniques of capacitor arrays to decrease the area, with more complex con-
trol and non binary weighted capacitors.

Non Differential architecture scalability

Here we give some hints to migrate the non-differential ADC in another
technology, or with a different set of performances within the same node.

Note that the design of the passive components, here the capacitors for
the DAC, are specific to a technology node.

ADC level parameters
The non-differential ADC architecture is set as follows (Table. 11):
This architecture requires the following parameters (Table 12):

Control logic parameters

The digital block contains the sequencer, the decoder, the signals controlling
the whole conversion sequence, the clock signals and the conversion result (N
bits) parameters (Table 13).
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Table 11: ADC architecture choices, non-differential architecture

Input sampling capacitor top plate, implicit S/H
Non differential DAC: (N + 1) capacitors, total capacitor value = 2VC
DAC Capacitor type (layer, value)
depend a lot on the technology node.
Reference voltage VDD, no additional voltage
Input switch one PMOS (capacitor top plates)

Switches for DAC | N NMOS and N PMOS transistors (capacitor bottom plates)
may be more, depending on the layout aware sizing constraints.

Comparator Synchronous (pre-amplifier and Flip-Flop) with RS output

Control logic Sequencer as register bank (circulating one)
control of the DAC switches
Conversion bit ¢ storing activated by the 7 + 1 register

Table 12: ADC specification parameters, non-differential architecture

Parameter Note 350 350 180 130
node | node | node | node
Vbp power supply (V) 3.3 3.3 1.8
Vss ground supply (V) 0 0 0 0
VrEF reference voltage (V) 3.3 3.3 1.8

to handle converter
input range and distortion
Vemce input common mode (V) 1.65 1.65
VDD/2 is required

Vernaz input value (V) 2.64
used for simulation
N number of bits 8 10 8
F clock Frequency (Hz) 10° 10 | 10°
C minimum value (F) 0.5712 | 0.571
example
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Table 13: Sequencer, decoder and registers, non differential ADC

Function Note Cells

Sequencer F'SM or circulating one N + 2 = 10 registers
Control signals SOC and EOC

Decoder Switch control logic

depending on comparator output
and state (iteration) number
Conversion bits ADC result N = 8 registers

Clock comparator and control block Ck and delayed Ck

DAC level parameters

The DAC parameters concern the capacitors, where C,,;, is derived from
technological process and the ADC accuracy, as well as switches to control
the switching of the capacitors (Table 14).

Table 14: DAC parameters used in the non-differential ADC architecture

Capacitor Note Value

N + 1 capa | binary weighted | C,,;, from matching performance
Switches NMOS N + 1 switches, modular sizing
Switches PMOS N + 1 switches, modular sizing

Comparator parameters

The selected architecture (Fig.16) is a synchronous comparator with dynamic
pre-amplifier (P type dynamic pre-amplifier with Lewis and Gray Flip-Flop)
which requires the following parameters (Table 15):

Simulation results

Fig. 24 presents the comparator input and output signals for the 8-bit, non
differential SAR ADC architecture operating at Ck = 1MHz.

Fig. 25 presents the comparator input and output signals for the 10-bit,
non differential SAR ADC architecture operating at Ck = 1MHz.
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Table 15: Comparator parameters in the non differential ADC case

Parameter Note 350 180 | 130
node | node | node
Vbp power supply (V) 3.3 1.8
Vss ground supply (V) 0 0 0
Vrp reference voltage (V) 0 0 0
Ey static offset voltage (V) 10mV

standard deviation (example)
not directly related to ¢ = Vgpp/2V

N number of bits 8
F clock Frequency (Hz) 107
10 times the ADC clock frequency
C load (F) 0.01712
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Figure 24: Oceane non-differential SAR ADC (Fig. 6), capacitor top plates
implicit sampling, 8 bit, ve = 2.409 V, CK = 1MHz, simulation result.
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Figure 25: Oceane non-differential SAR ADC (Fig. 6), capacitor top plates
implicit sampling, 10 bit, ve = 2.409 V, Ck = 1MHz, simulation result.
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