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ADC power limit 
• ADC frequently critical component for 

mixed-signal system


• Fundamental limits on power dissipation


• Some system architectures are not 
buildable! 


• Investigate limit, illustrate with recent 
data (Murmann; uploaded)
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• Simple case: inverter + C


• Ptotal = Pactive + Pleakage 


• Pactive ≈ ß1· fck· CL· V2


• Pleakage = Ileak· V 


≈ µ· Isat· V 


≈ µ· (CLV / (tck / ß2))· V 


≈ µ· ß2· fck· CL· V2

Digital circuit power

CL

V
Q = CV

Reduction: keep CL, V, fck small
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• Simple case: “class-A” driver circuit 


• Constant current draw 


• Then,  Panalog = IDC· V


• IDC chosen according to load 


• If capacitive load CL, must be able 
to cover swing in one cycle 
(slewing)


• So, Panalog = IDC· V ≈ (CLV / ß3tck)· V 
= fck· CL·V2 / ß3


[Assuming rail-to-rail swing]

Analog circuit power

CL

IDCV

Reduction: keep CL, V, fck small
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Limits?
• Minimum fck set by signal bandwidth 

(Nyquist etc.)


• Minimum V set by performance 
requirements 


• Switching speed, analog bandwidth 


• … so ultimately by signal bandwidth…


• C remains!


• How small can it be?  
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Recall sampler kT/C noise 

• vsn in series with Vin


• Vin + vsn sampled on capacitance


vsn2 = kT/CS


• Need large CS for low vsn2


• Cost: area, power

Vin

Cs
Rs

2N-level 

quantizer*

vsn
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Recall quantization noise

• Quantization noise depends on resolution


vqn2 = ∆2 / 12 = (VFS / 2N)2 / 12


• Need high resolution for low quantization 
noise


• Cost: Component count, area, and/or 
clock rate 
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Noise addition
• Uncorrelated noise powers may be added 


• Adding sample noise and quantization noise:


 vntot2 = vsn2 + vqn2 


• No use overdesigning either term!


• Cost for diminishing benefit


• Yes, there are more noise sources…


• …but let’s keep it simple for now…
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A good choice for CS

• Assumption: balanced design when         
vsn2 = vqn2 ; then: 


vsn2 = kT/CS


vqn2 = (VFS / 2N)2 / 12


kT/CS = (VFS / 2N)2 / 12


• CS expressed in VFS and N:  


CS = (12 kT /  VFS2)· 22N     
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CS values
On-chip example: 

• 0.18 µm process

• VFS = 1.0 V 

• Gate cap of smallest 

transistor: ~0.9 fF 

• CS will not limit 

performance below 8 
bits


• 13 pF ~ 6000 µm2


• SRAM: ~100 µm2 /bit

N CS

4 13 aF
6 0.2 fF
8 3 fF
10 52 fF
12 0.8 pF
14 13 pF
16 214 pF

CS = (12 kT /  VFS2)· 22N     
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Factor 4 per bit (16 per 2 bits)

High sample cap cost at high end!
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What drives the sampler?

• Sample capacitance is load of some analog circuit!


• Simple assumption: class-A driver, best efficiency


• PS = fS· CSVFS2  = fS· ((12 kT /  VFS2)· 22N)VFS2


= 12 kT fS 22N


• Power needed to drive minimum CS across full range 
from one sample to the next


• O/w full amplitude cannot be reached at Nyquist! 
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VFS

CsRs

*
vsn

Independent of VFS!
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Examples
PS = 12 kT fS 22N


[k = 1.38 × 10–23, T = 300]


• 10 bits, 10 MS/s: PS = 0.5 uW 


• 14 bits, 100 MS/s: PS = 1.3 mW 


• 18 bits, 1 GS/s:  PS = 3.4 W 


• 24 bits, 50 GS/s (from teaser video): PS = 70 kW 
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Absolute vs practical?
• PS = 12 kT fS 22N  is “limit” for power!

• …under certain assumptions…

• Note: limit of “sample power” only!

• Rest of ADC needs power too 

• Total power necessarily larger than PS

• Practical state of the art?

 13



181206 LJS

Reality check
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Fig. 1. Power consumption vs. fs22n for published ADCs. Triangle, pipeline
2002, circle, pipeline 2006, square, flash 2002. diamond, flash 2006, crossed
circle, our case study. Line corresponds to P=200Ps.

III. POWER CONSUMPTION OF ADC COMPONENTS

ADC components are to fulfil many constraints. They
should be fast enough, they should have low enough noise
(high enough voltage resolution) and they should be accurate
enough (eg. accurate gain and low offsets). In modern ADCs,
digital error correction has become very important. Digital
error correction removes some or all of the accuracy
constraints. By removing the accuracy requirements, we can
lower the power consumption, and this may be one important
reason for the improvements in power consumption observed
recent years. In the following we have therefore chosen to
remove the accuracy requirements and concentrate on more
fundamental power constraints.
The most important components used to build ADCs are

comparators and amplifiers. We will therefore discuss these
two components here.

For the comparator we assume that we use a clocked
comparator, consisting of a preamplifier followed by a flip-
flop [7]. This is a very efficient configuration with infinite
gain. The comparator is limited by its input noise level in the
beginning of the comparison process. The drain noise current
of the input stage, idn, can be written:

i2 = 4kTyg,1 1 5idn 4kTYgm 4RdCd (5)

where y is a noise parameter (y=2/3... 2), gm is the transistor
transconductance, and Rd, Cd are the load resistance and
capacitance respective of the stage, giving rise to a noise
bandwidth of 1/4RdCd. We choose RdCd equal to the decision
time of the comparator, Td. We may now calculate the
equivalent input noise of the comparator, vnc2:

v2 _ kT (6)
gmTd

Equalizing this noise voltage to a fraction, cc, of the
quantization noise, eq. (1), gives a minimum required

transistor transconductance, gm:
127kT 22n (7)

In order to achieve this minimum gm we need a minimum
supply current, ID, of the transistor, ID=gmVeff, where we have
defined a parameter, Veff. For a bipolar transistor Veff-kT/q
and for a classical MOS transistor outside subthreshold
Veff (VG-VT)/2, where VG and VT are the gate and threshold
voltages, respectively. For a modern short channel MOS
transistor the value still depends on VG but is not easily
described. We have found that a typically biased MOS
transistor in a 0.13pim process have Veff 70-9OmV. Using Veff
we may thus calculate the supply current, ID. With a supply
voltage of VFS we thus get the power consumption IDVFS, or:

p l2kTyVeff 22n (8)

aTd VFS
Considering that Td is closely related to 1/fs we note a great

similarity to Ps (eq. (3)). Using typical values of y=2,
Veff8OmV, Td=1/2fs and VFS=1 .5V, and using oc=0.1 (see
below) gives Pc about equal to Ps.

V2
4-Vin

Cl

H
Fig. 2. Simplified schematic of amplifier in evaluation configuration.

Moving to the amplifier, let us start to consider a simple,
one-stage transconductance amplifier in a switched capacitor
configuration, see fig. 2. The figure shows the stage in its
evaluation configuration. After evaluation, C2 is isolated from
the amplifier by opening a switch, thus sampling the signal
and the noise over C2, together constituting the output signal
from the circuit. The gain from vin to v2 is given by:

V2 = -
Cl Vin

(9)C2 C+oI

gin
That is we have a gain of CI/C2 and a timeconstant of

T=Cl/gm. The noise voltage over C2 can be calculated from the
equivalent input noise voltage of the transistor, vin2=idn2/gm2,
with idn2 from eq. (5) with RdCd changed to l:

V2 = 4kTygn 1 = kTy = kTy (10)
VIgm 4r gnr C1

As we really are interested in the equivalent input noise

IEEE Norchip 200650

...

[Svensson, Andersson, Bogner, NorChip 2007]

,   : Pipelined

,    : Flash

ISSCC 2002, 
2006

High-speed
converters
5 Orders of magnitude!
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Performance points
• P / PS = 200…20000000 for exceptional, high-

speed converters (in 2006)… but: 


• What about lower speeds? 


• Does resolution matter? 


• What happens with technology 
progression?


• Can we find some common Figures of Merit 
(FoMs) to compare different ADC designs?
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Example FoM
• Compare converter designs wrt power 


• Compensate for fS, SNDR

• Low fS: should be cheap

• Low SNDR: should be cheap


• FoM = P / (fS · 2ENOB)  [or similar expression; see 
Maloberti chap. 2] 

• Loosely, energy per “conversion step” 

• Low FoM values are better!  


• Applied to 537 excellent designs (ISSCC, VLSI 
Symposium, 1997 – 2018)
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ENOB = (SNDR – 1.76) / 6.02
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ISSCC+VLSIS FoMs
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[Murmann, ADC Performance Survey]
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Noise limit (2008)
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[Murmann, CICC 2008]

200

2018: 1fJ 3
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EADC vs ENAND
SNDR (dB) EADC EADC / ENAND

30 21 nJ 4700

50 168 nJ 38000
70 1.35 uJ 300000
90 10.8 uJ 2400000

• Complete ADC energy per conversion (in 2008) vs energy 
of one NAND-gate logic transition in 90-nm CMOS


• Digital logic more “affordable” for higher resolutions!


• Even more in newer technologies


• Increasingly attractive to use digital methods to improve 
performance!
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[Murmann, CICC 2008]Later: Digital assist
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Analog?  D/A? 
• ADCs show fundamental limits clearly!


• Other limits (hard/soft) apply elsewhere 


• All capacitances show kT/C noise!


• Filters, oscillators, etc 


• For D/As, main problem often matching


• Addressed by digital means 



181206 LJS

Summary

• Sample noise sets energy limit on ADCs 
as we know them 


• Present ADCs close in on these limits!


• Future progress likely mostly at lower 
resolutions


• Shrinking voltage swing
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