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ABSTRACT 
 
The advent of a new generation of analog to digital converters (ADC’s) provides the aerospace 
signal-conditioning engineer with many design advantages, trade-offs and challenges for their next 
generation of signal conditioning systems.  These advantages include increased range, resolution, 
accuracy, channel-count and sampling rate.  However, in order to capitalize on these advantages, it 
is important to understand the trade-offs involved and to specify these systems correctly. 
 
Trade-offs include: 

• Analog vs. Digital signal conditioning  
• Implementation issues such as 12-bits vs. 16-bits  (or even 24-bits) 
• Topology issues such as multiplexers vs. multiple ADC’s 
• Filter-type selection 
• Sigma-Delta vs. Successive Approximation ADC’s. 

 
Specification challenges include: 

• Total DC error vs. gain and offset (and drift, excitation, DNL, crosstalk, etc.) 
• ENOB vs. SINAD (or THD, SNR or Noise) 
• Coherency issues such as filter phase distortion vs. delay  

 
This paper will discuss some of these aspects and attempts to produce a succinct specification for the 
next generation of airborne signal conditioning, while also outlining some of the lessons learned in 
developing the same. 
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1.  INTRODUCTION 
 
Today, it is no longer sufficient to focus on DC accuracy as a benchmark for the quality of an ADC 
module.  The following may help to illustrate this reasoning: 
 
At first glance it may appear reasonable to specify a 6th order Butterworth filter, such that there is 
less than 60dB aliasing at the Nyquist rate for a sampling frequency of 1Hz.  However because this 
popular filter has phase distortion, some components are delayed by 2.5 seconds and some 
components are delayed by 3 seconds. 
 
On an old 10-bit system, a cross-talk specification of 60dB might be acceptable.  However, on a 16-
bit system this amounts to 64 counts of noise.  Therefore, with this amount of crosstalk in the 
system, using any more than 10-bits of resolution is a waste of time. 
 
Older FTI systems (from the 1980’s) have extra circuitry for zero or null insertion or for 
multiplexing known voltages into the system ADC’s.  These are sold as features, but really only 
serve to calibrate the instrument rather than the sensor.  Today, this extra circuitry would add more 
errors then it would remove. 
 
Finally, this paper argues that a little rigor in the specification of both DC and AC characteristics 
considerably reduces confusion and the opportunity for specmanship. 
 
 



2.  AC SPECIFICATIONS - HOW EFFECTIVE ARE YOUR BITS? 
 
AC specifications are often ignored in FTI data-sheets, in particular with respect to noise and 
harmonic distortion.  Furthermore, there are other terms such as non-linearity and missing codes 
that, while important, can be incorporated into other specifications.  Table 2.1 shows 15 
specifications (for an ADC with B bits) that should, arguably, be quoted in a data-sheet.  This paper 
suggest replacing all 15 with a single ENOB* specification as defined by the IEEE. 
 

PARAMETER DESCRIPTION FORMULA  
(For B-bits) 

COMMENTS 

Resolution The average difference 
between two consecutive 
readings. 

q = FSR / 2B  (V)  

INL / DNL  Integral Non Linearity or 
Differential Non Linearity 

The maximum 
deviation from and a 
straight line 
approximation / 
maximum step size 

Causes harmonic 
distortion 

Cross-talk Noise induced by a sine wave 
in any other channel 

= RMS (induced) / 
Signal 

Bandwidth of cross-
talk signal must be 
specified 

Codes / Missing 
codes 

The number of different 
outputs from the ADC 

2B  

Quantization 
noise power 

The noise introduced because 
of limited resolution. 

σ2 = q2 / 12 (V2)  

Jitter noise 
power 

The noise introduced by 
uncertainty (±Tj ) in sampling 

= 20 log (π Tj Fs / √2) 
(dB) 

Assuming 
bandwidth = cutoff 
= ¼ sampling rate 
(Fs) 

"DC Noise" RMS or maximum value of 
deviation from average when 
DC signal applied 

= RMS (Sig. - Mean) 
= MAX (|Sig. - Mean|) 
(V) 

Low RMS does not 
mean low MAX (or 
high MAX does not 
mean low RMS) 

THD Total Harmonic Distortion = Sum of power of first 
N (8) harmonics of 
input signal 

If circuit is linear 
there is no harmonic 
distortion 

SNR Signal to Noise Ratio = Ratio of signal to all 
noise not at DC or 
harmonics 

Is not a measure of 
non-linearity  

SFDR Spurious Free Dynamic Range = Difference between 
signal and highest 
power at any frequency 
(not DC) (dB) 

Good SFDR only 
means no big spikes 
in FFT 

SINAD Signal In Noise And 
Distortion 

= 1.76 + 6.02B (dB) 
= √(SNR2 + THD2) 

Input amplitude 
must be specified 

ENOB *Effective Number Of Bits = B Assumes all noise is 
quantization noise 

Table 2-1: Possible Datasheet Specifications for an ADC Module 
 
Replacing all of these terms with a single ENOB specification has the following advantages: 
 



• It is intuitive (ENOB = 14 means the ADC acts like an ideal/perfect 14-bit ADC) 
• The test is well defined in IEEE 1057 and IEEE 1241. To include the crosstalk specification, 

signals can be induced in adjacent channels 
• It covers other specifications (e.g. high THD => low ENOB and SINAD = 1.76 + 6.02 x 

ENOB dB) 
 
 



3.  DC SPECIFICATIONS - SEEING THE WOOD FROM THE TREES 
 
It is extremely difficult to compare analog and digital FTI modules from different vendors due to the 
plethora of different (yet valid) parameters that can be specified in the product datasheets.  Note that 
many vendors offer a secondary (or digital) gain that may amplify certain errors.  Table 3.1 shows an 
innocent enough looking DC specification. 
 

PARAMETER DESCRIPTION INNOCENT VALUE COMMENT 
Gain error @ 25°C Error caused by 

assuming the actual 
gain is 1 

0.25% FSR Should not vary with 
digital gain 

Gain drift with 
temperature 

Typical variation of 
gain with temperature 

25ppm/°C FSR 25x10-6 (85-25) = 
0.15% FSR 

Offset error @ 25°C Error caused by 
assuming the actual 
offset is 0 

0.25% FSR Varies with digital 
gain 

Offset drift with 
temperature 

Typical variation of 
offset with 
temperature 

25ppm/°C FSR 25x10-6 (85-25) = 
0.15% FSR 

Excitation error @ 
25°C 

Error caused by 
assuming the 
excitation is the 
correct value 

0.25% FSRext  Should not vary with 
digital gain. If can be 
±5V and use ±2.5V 
then 0.5% FSR 

Excitation drift with 
temperature 

Typical variation of 
excitation with 
temperature 

25ppm/°C FSRext 25x10-6 (85-25) = 
0.15% FSRext 

DNL / INL See Table 2.1 1.5 / 8 Bits For 12-bit system = 
0.2% FSR also varies 
with digital gain 

Crosstalk Noise induced by a 
DC signal in any other 
channel 

60dB 60dB = 0.1% FSR 
(can vary with digital 
gain) 

Table 3-1: Possible Datasheet Specifications for an ADC Module 
 
For this innocent module the DC error, over the full temperature range, with a digital gain of 8 and 
half-scale excitation could be as much as 6.8%! 
 

0.25 + 0.15 + 8(0.25 + 0.15) + 0.5 + 0.3 + 8 (0.2) + 8 (0.1) = 6.8% FSR 
 

As a rule of thumb, each analog component (e.g. amplifier or resistor) adds 0.1% FSR error over the 
temperature range unless compensation is employed.  However, some of these errors will cancel 
each other out: for example, the excitation may drift with temperature so as to cancel gain drifts with 
temperature. 
 
This paper recommends replacing the specifications given in Table 3-1 with a single specification at 
two extremes: 
 

• Total DC Error from all sources at best gain and excitation over all temperatures (say 0.15% 
FSR)  



• Total DC Error from all sources at worst gain and excitation over all temperatures (say 0.5% 
FSR)  

 
 



4.  DIGITAL FILTERING - THE ONLY WAY FORWARD 
 
A full discussion on the filtering trade-offs with respect to FTI systems is beyond the scope of this 
paper and indeed is discussed elsewhere.  However, one interesting observation is that each 
additional bit of ADC resolution typically adds another pole to the active filter if the number of 
counts of noise must remain constant.  For example: if a 4th order active filter was good enough for 
10-bits, 6 orders would be required for 12-bits and a 10th order would be required for 16-bits. 
 
These higher order filters introduce more sources of error, require more PCB space and increase 
power consumption.  Without the higher order filters the "usable" bandwidth reduces or the amount 
of aliasing increases. 
 
There are many other technology trade-offs with respect to filters, some of which are discussed in 
Table 4.1 below. 
 

Technology Advantages Disadvantages 
No filters • Smallest delay 

• Fewest components 
• Aliasing: A signal at Fs will 

look like DC and can never be 
removed 

Multiplexers before 
filter 

• Reduces component count 
• Less channel to channel variation 

• Cross-talk 
• Does not stop aliasing 

Active filters • People know Butterworth and 
Bessel 

• PCB space 
• Power  
• Very limited choices of Fc and 

hence limited choices of Fs 
• Fc varies with temperature 

Switched capacitor 
filters 

• Can choose any frequency within 
one decade 

• Too noisy for even 12-bits 
• Need to cascade for more then 

a decade range of choices. 
Sigma-delta (Σ∆) 
ADCs 

• 1st order filter will do 
• No THD  
• A must for 18-bits+ 

• Slow (Fs<4k)  
• Large DC errors (±0.5%)  
• Temperature drift (esp. gain) 
• Non-linear time resp. (IIR) 

Over sampling FIR 
filters 

• Best roll-off 
• Maximum pass-band 
• More choices of cut-off 

frequency 
• No-time distortion 
• No drift with temperature 
• Reduces quantization noise 
• Reduces jitter noise 
• Low power  
• Less PCB space 

• Delay is typically 2 x 
Butterworth filter  

Over sampling IIR 
filters 

• Less computation then FIR • Time distortion 
• Hard to prove stability  
• Truncation errors can grow 
• Hard to cascade 

Table 4-1: Technology trade-offs  
 



This paper suggests that the future of FTI signal conditioning lies in digital filtering.  Three common 
types are: 
 

• Running average filter: A first order IIR to be used on slow (temperature) channels when 
processing power is scarce. 

• Half-band FIR: Low computation overhead and no time distortion 
• Butterworth IIR:  When time distortion or lower delay is required.   
 
For the purposes of this paper it is interesting to note that with digital filters, four more 
parameters can be removed from the specification table, as they are typically an order of 
magnitude less with digital filters.   
These parameters include:  

o Passband-ripple 
o Fc accuracy 
o Fc drift 
o Time or Phase Delay variation  

 
 
 



5. CONCLUSIONS 
 
There are many possibilities for the next generation of analog signal conditioning in airborne data 
acquisition systems.  These include: 
 

• 16-bit resolution on ADC’s 
• >14-bit ENOB 
• Temperature compensation of gain and offset 
• Optimum ADC’s for each application 
• Optimum filtering so as to minimize data rates (not just a limited choice) 
• Optimum gain and offset settings (not just a limited choice) 

 
Although the technology behind the next generation signal conditioning may be new, the good news 
is that there are considerably less specifications for the system designer to be concerned with.    
 
This paper has outlined what parameters may be most important when specifying the next generation 
signal conditioning circuits.  In particular a rigorous definition of: 
 

• Total DC error (including excitation) 
• Effective number of bits (as a function of gain and frequency)  

 
and insistence on digital filtering means that different modules from different vendors can be 
compared more easily.   
 
The net effect of all of this is to make the following specifications superfluous: 
 

Linearity (DNL, INL), Quantization noise, Jitter, Jitter noise, Cross-talk, Channel-to-channel 
matching, Resolution, Missing codes, THD, SNR, SFDR, SINAD, Gain error, Gain drift, 
Offset error, Offset drift, Excitation error, Excitation drift, Ripple in pass-band, Filter cut-off 
drift, Filter delay variation.   

 
The benefits of this approach are clear. 




